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Summary
Tows of PAN-based carbon fibre treated to different levels of surface treatment have been 
impregnated with epoxy resin and tested in tension in order to study the effect of surface 
treatment on strength and failure mechanisms. This work forms part of one of the projects 
funded under the DTI-Link Structural Composites programme, entitled "Predict".
The tensile strength of single fibres was found to be relatively insensitive to surface treatment. 
However, the tensile strength of impregnated bundles was found to decrease with increased fibre 
surface treatment for all of the impregnation resins studied. This is attributed to the increase in 
strength of the interface and consequent localisation of damage which is observed on increased 
surface treatment. The choice of impregnation resin was found to have a larger effect on 
impregnated tow strength than surface treatment. This effect is also considered to be mainly due 
to the change of the strength of the interface. Changes in the cure schedule were not found to 
significantly affect the strength of the composite, but were found to influence the failure mode 
of impregnated tows. Significant changes in strength were observed after "apparently minor" 
variations in formulation processing cycle.
The strength of impregnated tows in hybrid samples was found to have a similar trend to those 
tested in air. Values of failure strain were found to be consistently higher at each surface 
treatment level than for those tested in air by approximately 7%, which is in agreement with the 
commonly observed "hybrid effect". These samples facilitated the study of failure mechanisms.
Comparison of the number of fibre failures in an impregnated bundle that has been extended 
in tension with that predicted by the Weibull equation, shows very close agreement with the data 
obtained, suggesting that the fibres have a similar strength distribution in the composite as in air. 
Comparison of results with existing unidirectional composite failure models has highlighted the 
need for more precise information on the distribution of stress around fibre failures in order for 
further improvements on existing failure models to be made.
Tensile tests of dry fibre bundles has been shown to have potential as a more convenient 
method for measurement of the strength distributions of fibres.
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Chapter One
Composite Materials
1.1 Introduction
A composite material can be considered to be a material where one or more phases are 
dispersed within another continuous phase, the matrix. Although not defined as such, composite 
materials can be traced back to Ancient Egyptian times when straw was used to reinforce clay 
bricks. One of the first uses of the word composite was to describe ships made from wood and 
wrought iron, these probably being better described as composite structures. However this does 
demonstrate the possibility of overlap between composite materials and composite structures, the 
important factor being that of scale.
Advanced composite materials are of interest because materials with the highest strength and 
stiffness to weight ratios i.e. highest specific strengths and highest specific stiffnesses, are produced 
in particle and fibrous form. These particles and fibres have to be encapsulated in order to 
exploit their properties for structural applications, except only in the case where there is a purely 
unidirectional tensile loading applied to fibres.
Generally the cost of producing a part from a composite material is higher than that for the 
conventional engineering material. The advantages of composites come from the fact that one 
part can replace many, as the reinforcement can be positioned to get different properties in
different regions within the same part, and hence assembly costs can be reduced. Also, for some 
applications, the weight reduction possible justifies the extra expense.
The main driving force for the development of composite materials comes from aerospace 
applications. However, many of the potential applications in this area are where human lives 
depend on the material performance. In order for composite materials to be accepted for such 
applications, they must first be used for non-critical structural parts until confidence is sufficiently 
high, as well as having to undergo extensive sub-structure tests in the laboratory. An improved 
understanding of the failure mechanisms of composite materials would help to improve confidence 
levels and avoid some of this time-consuming, costly process, and the need for large safety factors 
necessary at present. The aim of the current work is to improve understanding of the parameters 
that are important to the failure of carbon fibre/epoxy composites. This has been broken down 
into the following objectives:-
1) To determine the strength distribution of carbon fibres and the effect of surface 
treatment on the strength distribution.
2) To determine the strength distribution of carbon fibre bundles impregnated with epoxy 
resin and the effect of surface treatment on the strength distribution.
3) Study the mechanism of failure of composite bundles and the effect of surface 
treatment.
1.2 Classification Of Fibre Reinforced Composites
Composite materials can be classified according to the type of matrix and the reinforcement 
used. Polymers, metals, ceramics, and glasses are all used for matrix and reinforcement materials.
Polymer matrix composites dominate the market, the most commonly used polymer matrix being 
the unsaturated polyester resin based systems, whilst tetrafunctional high modulus epoxy resins 
are utilised where superior performance is required. For higher temperatures thermosetting 
polyimides and bismaleides can be used. However, one disadvantage they share with epoxies is 
their low damage tolerance.
There is interest in thermoplastics for matrix materials due to their higher toughness, however 
attempts are being made to develop epoxies with improved toughness by using elastomers as 
fillers, epoxies having the advantage over thermoplastics of being easier to process and are also 
well established in many major applications.
Metals and ceramics tend to be used as matrix materials for higher temperature applications, 
ceramics having the potential for the highest working temperatures.
Glass fibre dominates the fibre production market for use with polymeric matrix systems. Its 
advantages are a combination of strength, stiffness, and chemical stability at a low cost. Glass 
fibre has low stiffness compared to the ’advanced* reinforcement fibres, and does not form a 
strong interfacial bond with polymer matrices unless modified, with limited performance in some 
environments including hot-wet conditions. For more demanding applications carbon fibre offers 
high stiffness combined with high strength, but is relatively expensive.
Other types of fibres used in composites include aramid fibres which offer impressive toughness, 
with reasonable tensile strength, however they lack compressive strength. Boron fibres offer high 
stiffness and compressive strength and are also less reactive than PAN-based carbon fibres. 
However their production (Chemical Vapour Deposition) is expensive which limits their uses.
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Alumina fibre has high stiffness and is very stable but is limited by tensile strength. Silicon 
carbide fibres also have high stiffness. These show potential for high temperature applications.
The system studied in this work is unidirectional PAN-based carbon fibre in an epoxy resin 
matrix.
1.3 Carbon Fibre
Two principal types of carbon fibre are available, these being produced from different pre­
cursors. One type of carbon fibre is that derived from a polymeric precursor which is almost 
always polyacrylonitrile (PAN), although rayon was the first precursor to be used to produce 
structural carbon fibres. PAN-based fibres can be sub-divided into high Young’s modulus (Type
I) and high tensile strength (Type II) fibres. Carbon fibres are also produced from pitch. Pitch- 
based fibres are generally stiffer than the PAN-based fibres but have lower strength and strain 
to failure. PAN-based fibres tend to be used as continuous fibres in polymer matrices and pitch- 
based fibres are usually employed in ceramic, glass, carbon and metal systems, having a particular 
advantage with metal matrices due to their lower chemical reactivity which inhibits the formation 
of brittle carbide phases at the fibre/matrix interface.
Carbon fibres are produced from polyacrylonitrile (PAN) by the controlled carbonisation of 
PAN polymer fibres. This process is described by Matsui (1990). Initially, aciylonitrile monomer 
is polymerised to produce the bulk PAN polymer. PAN polymer fibres are produced by spinning 
PAN from solution. At this stage the fibres are drawn to improve the orientation of the polymer 
chains along the fibre axis. The ’a’ direction of the graphitic planes in the final carbon fibre will 
lie in the same direction as the precursor molecules, so that the better the alignment of the 
precursor, the higher the stiffness and strength of carbon fibre. The fibres are then oxidised by
heating in air at temperatures between 200°C and 250°C to cross-link the polymer. This produces 
a thermally stable polymer which does not melt at the higher subsequent processing temperatures. 
This process is called stabilisation during which the fibre changes colour from white, through 
yellow then red, and finally to black. The temperature is then increased to between 1000°C to 
2000°C in an inert atmosphere to drive off non-carbon elements. At this stage high strength 
(Type II) fibres have been produced. To manufacture higher modulus (Type I) fibres, a 
graphitisation step is carried out where fibres are heated within the range 2000°C to 3000°C in 
an inert atmosphere. The effect of heat treatment temperature on tensile strength and modulus 
is shown in Figure 1.1. Despite the term used to describe this final heat treatment, perfect 
graphite crystals are not produced during graphitisation. Carbon crystals with similar packing 
planes to graphite are formed. These planes have slightly larger spacing than in graphite (0.34 
compared to 0.335 nm for graphite) and are rotated in plane relative to each other. Surface 
treatment can be carried out at this point to improve the adhesion to the matrix. Finally, sizing 
may also be carried out to improve the handling of the fibres.
Typical properties of PAN based Type I and II fibres from Hull (1981) are given in Table 1.1. 
The difference of density of the carbon fibres compared to graphite is too great to be explained 
simply by the increase graphite layer spacings, suggesting imperfections within the fibre structure. 
A suggestion of the structure based on X-ray small angle scattering and electron microscopy by 
Bennett (1976) is presented in Figure 1.2. The alignment of the graphitic planes produces a 
highly anisotropic structure, which will be reflected in the properties of the fibre. For example, 
the longitudinal Young’ modulus of the PAN-based Tenax HTA fibre produced by Akzo Faser 
AG studied in this current work was found to be 235 GPa in tension (Buxton (1992)), whereas 
the Young’s modulus was found to be 17 GPa in compression. Imperfections in alignment 
can be seen to have resulted in voids parallel to the fibre direction. These will cause local points 
of weakness within the fibre.
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1.4 Glass Fibre
There are three types of glass fibre commercially available; E-glass (where the E stands for 
electrical), is the most commonly used, C-glass (C for chemically resistant), has a higher chemical 
corrosion resistance at the expense of lower strength and higher cost than E glass, and S-glass 
which is again more expensive than E-glass, but has a higher stiffness and temperature resistance.
Glass fibres are stronger than bulk glass due to the reduction of defects present. Their 
manufacture is described in Hull (1981) and is shown schematically in Figure 1.3. They are 
produced by melting the raw materials in a tank which acts as a reservoir to several smaller 
platinum tanks with several hundred small holes in the bottom (known as bushings). The glass 
is allowed to flow under gravity through the holes and drawn downwards where the fibres are 
sized to help prevent subsequent damage. Fibres are produced with a diameter of 8-14pm, at a 
speed of several thousand metres per minute. After sizing, the fibres continue downwards and 
pass through a mechanical device which gathers them into a single strand of many fibres (a 
roving) which is then wound onto a drum. Control of the fibre diameter is enabled by adjusting 
the amount of glass in the tanks, temperature, and the winding speed.
Typical properties of E-glass fibres from Hull (1981) are given in Table 1.1.
1.5 Epoxy Matrix
Epoxy resins are the most common matrices used for carbon fibre composites. These materials 
offer a reasonably cheap means of encapsulating fibres and particles. They are also chemically 
resistant, act as a good barrier to moisture and humid conditions, adhere well to the fibre, are 
electrically insulating, low in density, undergo low shrinkage, and are easy to process.
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When used as a matrix material with carbon fibre, the epoxy resin is not considered to 
contribute significantly to the tensile strength, but enables a solid, stable, compression resistant 
structure to be produced so that the properties of the fibre can be exploited. Loads must be 
transferred to the fibres by means of shear stresses at the fibre/matrix interface, so that in order 
to make use of the strength and stiffness of the fibres, the matrix must adhere adequately to the 
fibre. The resin is also important for mechanical and chemical protection of the fibre.
Epoxy resin is the name given to a group of materials containing the epoxy functional ring 
group y ? —' A  selection of epoxy resin types and hardenerxatalyst systems are available, 
depending on the particular application. The main resin used for this study was a Ciba Geigy 
epoxy resin coded MY720. MY720 contains the tetra-functional epoxy, tetraglycidyl-4,4’-
diaminodiphenylmethane (TGDDM also known as Tetraglycidyl Methylenedianiline), the amine 
(-NH2) hardener 4,4’-diaminodiphenylsulphone (DDS), and also BF3:NH2C2 H5 which acts as a 
catalyst. The structures for TGDDM and DDS are shown in Figure 1.4. Epoxy resins are cured 
by opening up the epoxy ring so that cross-linking reactions can occur to form an infusible, 3- 
dimensional, thermally stable network. Cure reactions for the MY720 system have been studied 
by Morgan and Mones (1987) using Fourier transform infrared spectroscopy. Three principal cure 
reactions were proposed: primary amine-epoxy, secondary amine-epoxy and epoxy-hydroxyl (-OH) 
reactions. Initially, an epoxy group reacts with a DDS primary amine group (see Figure 1.5a). 
This reaction forms two new sites where an epoxy group could react, namely the hydroxyl site and 
the secondary amine site. These sites are depicted in Figure 1.5a. For each of these sites an 
intermolecular cross-linking or an intramolecular reaction with the neighbouring epoxy group on 
the same molecule are possible. These alternative reactions are shown in Figure 1.5b and c. The 
intramolecular reactions result in a ring formation. Using statistical probabilities and molecular 
modelling, Morgan and Mones calculated that 75% of these epoxy-hydroxyl and secondary amine- 
epoxy reactions occur intramolecularly. So with four epoxy sites on each TGDDM molecule and 
two primary amine sites on each DDS molecule and three different types of reaction, a
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complicated 3-D network is produced, which also contains ring structures. Defects are also 
present in the structure. These defects can arise due to the restricted mobility of molecules 
particularly later on in the cure reaction which will mean that not every epoxy group will be able 
to react with an amine or hydroxyl group.
A  second resin used in this study was a Qba-Geigy resin coded MY750. This contains the bi­
functional epoxy diglycidyl ether of bisphenol-A (DGEBA) shown in Figure 1.6, an acid anhydride 
(-CO-O-CO-) hardener known as nadic methyl anhydride (NMA), and an amine catalyst coded 
Shell K61B. A schematic for the main reactions occurring during the cure of epoxy with acid 
anhydride as described by Brydson (1966) are shown in Figure 1.7. Initially the anhydride ring 
is opened by an intermediate hydroxyl group (or salt or a trace of water) to form an ester (R- 
COO-R, where R=CnH2n+1 and n>0) and a carboxylic acid group. The carboxylic acid group can 
then react with an epoxy group. In addition, the intermediate hydroxy groups also react with 
epoxy groups. This reaction produces an ether group. These last two reactions are generally 
found to occur in roughly equal amounts producing similar numbers of ester and ether linkages.
1.6 Hybrid Composites
In hybrid composites generally two different types of fibres are present in a common matrix. 
Often this is carried out in order to make the most cost effective use of expensive fibres. 
Cheaper fibres can be used for areas or directions where the conditions are not as demanding. 
Small amounts of high performance fibre can also be used to modify properties such as fatigue 
life, toughness, damping properties, and corrosion resistance.
In this work a hybrid consisting of a single tow of carbon fibre set in a glass fibre/epoxy matrix 
is used to study the failure of the carbon fibre in epoxy resin composite. Hybrid composites are
discussed in greater depth in Section 2.6. In this context, the transparency of the glass fibre/epoxy 
resin component allows the failure process in the carbon/epoxy component to be observed by light 
microscopy.
1.7 The Interface
1.7.1 Introduction
The surface of newly pyrolysed carbon fibres is inherently unreactive and does not bond to 
thermosetting resins. This results in poor interlaminar shear strengths. For this reason/carbon 
fibre is normally surface treated to enhance the adhesion to the matrix material. Standard 
treatments improve adhesion by 2-4 times. The degree of alignment of the graphitic planes along 
the direction of the fibre, will influence the degree to which the carbon fibre is affected by surface 
treatment. The less well aligned the planes of carbon atoms, the more edges of basal planes meet 
the fibre surface. Carbon atoms at the edge of basal planes have free bonds and are hence a lot 
more reactive than those in the centre of planes. Therefore the effectiveness of surface 
treatments will vary for carbon fibres depending on their reactivity. The reactivity of carbon fibres 
depends on the structure at the surface of the carbon fibre, which is in turn affected by the fibre 
precursor and subsequent fibre processing.
The following methods of treatment have been described (Fitzer and Weiss (1981), Harris et 
al. (1992)):-
1) Wet oxidation e.g. using nitric acid
2) Dry oxidation e.g. using air, CO, NO, 0 2, 0 3
3) Anodic oxidation
4) Organic coatings
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5) Inorganic coatings by CVD
6) Electropolymerisation
7) Solution reduction treatment
8) Chemical coupling agents
9) Plasma treatment
Anodic oxidation is the method used to treat the fibres for the current work. It is also the most 
commonly used in industry, being fast, uniform, and suited to mass production processes. A  
description of this process is given by E. Fitzer and R. Weiss (1981). The fibres are moved 
continually, normally directly from the production line, through an electrolyte bath with the fibres 
themselves, acting as the anode in the electrochemical reaction. Negative ions from the 
electrolyte such as SOf  and OH' are attracted to and are discharged at the fibre surface forming 
oxygen and oxygen containing compounds. A wide range of electrolytes have been used. 
Ammonium salts such as ammonium bicarbonate are attractive as they minimise the possibilities 
of contamination of the fibre. This simplifies final washing procedures. Nitric, sulphuric and 
phosphoric acids, potassium permanganate, potassium dichromate and sodium and potassium 
hydroxides are also documented as electrolytes (see references Paul (1976), Morganite Ltd (1969), 
UKAEA (1968), U.S. Airforce (1972), Courtaulds Ltd. (1969 and 1971) and Donnet (1972)).
1.7.2 Adhesion Mechanisms
The following mechanisms of adhesion may operate at the fibre/matrix interface
1) Mechanical interlocking
2) Chemical binding, which is essentially covalent bonding or ionic bonding
3) Weak attracting forces including dipole interactions and hydrogen bonding. The means in 
which surface treatments have been suggested to improve adhesion are:-
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1) Alter the chemical nature of the surface to improve the reactivity of the surface.
2) ’Micro-etching’ to give an increase in surface area which therefore increases the availability of 
sites for chemical reaction. Due to micro-roughness mechanical interlocking may also be 
enhanced
3) Etching to reveal edge planes which are more reactive, or which may remove a weakly bound 
surface layer which will increase the carbon cohesion when in the composite.
4) Increase the surface energy to enhance the wetting of the surface by the resin and improve the 
weak attracting forces.
In order for adhesion to be able to occur within a carbon/epoxy composite the epoxy must first 
come into close proximity to the surface of the fibres, so that wettability of the fibres by the resin 
is a necessary but not necessarily a sufficient condition for adhesion.
The wettability of PAN based carbon fibres before and after wet oxidation in:-
1) nitric acid
2) hydrogen peroxide
3) potassium persulphate
was studied by R.C Bansal and P. Chhabra (1985). They investigated the wettability of the fibre 
by measuring the wicking rate of a fibre bundle. Fibre wettability to polymeric liquids including 
an epoxy resin, was observed to increase with increased oxidation. The surface area and oxygen 
present were also reported to increase with surface treatment, although it was not mentioned how 
these were measured. When the fibre was subsequently degassed at 1200°C to remove oxygen, 
even though the surface area is stated to remain constant, the wicking rate of the fibre with epoxy 
was much slower; suggesting that surface functionality is more important to wettability than the 
surface area. Of course a sample must be wettable by a resin before it can even bond weakly,
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chemically or mechanically, so this does not solve the bonding mechanism, but shows that the 
surface treatment can increase the wettability and perhaps allow more bonding to occur.
There is much work reported in the literature which attempts to resolve the processes 
important to adhesion. The following gives a summary of some studies to resolve the main 
mechanisms of adhesion and details the effect that surface treatment has on fibre/composite 
properties.
In a review by W.W.Wright (1990) it was noted that although surface treatments generally 
increase interlaminar shear strength, the improvement depends on the fibre type, the treatment 
used, level of treatment, the epoxy resin used and its curing agent. Few workers were reported 
to have shown an increase in surface area of the fibre with increase in surface treatment, although 
one case was mentioned where nitric acid was used to oxidise a particular fibre. Work has also 
shown the reduction of fibre diameter with surface treatment, supporting the idea of outer layer 
removal, which could lead to an apparent increase in the interfacial strength if the layer had 
originally only been weakly bonded to the fibre. Many workers studying the chemistry of the 
carbon fibre surface described the production of carbonyl (=CO), carboxyl (-COOH) and hydroxyl 
(-OH) groups due to surface treatment. However most workers do not believe that chemical 
bonding takes place between these groups and the bulk resin. Increased wettability as the main 
driving force for increased interface strength was also dismissed in this review as the 
thermodynamic criterion for wetting is satisfied for untreated as well as treated fibre in the 
situations studied, in contrast to the situation described above by R.C Bansal and P. Chhabra 
(1985). The review proposed that the removal of a weak outer layer from the fibre was the most 
likely reason for the improvement of interlaminar shear strength with surface treatment.
A paper by L.M.Manocha (1982) cited in W.W.Wright’s review described carbon fibre surface- 
treated using dilute and concentrated nitric acid. Composites were made from treated and
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untreated fibres using two slightly different resins, differing only in the hardener used. The 
strength of carbon fibres was found first to increase and then on further treatment was observed 
to decrease with both surface treatments. The tensile strengths of composites and the 
interlaminar shear strengths of the composites followed a similar pattern of increasing then 
decreasing with increase in surface treatment. For any particular surface treatment and resin 
system the peaks in single fibre tensile strength, composite tensile strength and interlaminar shear 
strength (ILSS) with surface treatment were found to coincide. The peak in mechanical 
properties for concentrated nitric acid treatment was after a shorter treatment time than for dilute 
nitric acid. Tensile strengths of the composite and the single fibres were found to be reduced 
below their untreated values after extended surface treatments. Thermogravimetric analysis 
(TGA) was carried out on the fibres for all treatment levels. This indicated that carbonyl, 
hydroxyl and carboxyl groups were slow to form initially but formation accelerated with time of 
treatment. The existence of chemical groups alone therefore could not explain the mechanical 
property trends. The mechanical integrity of the surface was suggested to be the main influence. 
Manocha proposed that the surface treatment brought about an increase in ILSS, single fibre 
tensile strength and composite tensile strength due the removal of fibre surface flaws. The 
subsequent decreases were explained to be due to deterioration of the fibre surface (introduction 
of more flaws). Comparing the results for the two different resins, the mechanical properties 
obtained were different with one system giving higher values than the other implying that 
chemistry has some effect.
C. Baillie and M.G.Bader (1991) studied the effect of electrolytic oxidation of Type II carbon 
fibres (Courtaulds Grafil XA) on the adhesion of the carbon fibre/epoxy resin interface. Single 
fibre tensile strengths were measured and fibre fragmentation and pull-out tests were carried out 
to study the interfacial strength. During fragmentation tests, fragment length was observed to 
decrease to a minimum value with increased surface treatment, after which further increases in 
the level of surface treatment level had little effect. This indicates an increase of interfacial
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strength with surface treatment level to a maximum value which is unchanged by increasing the 
treatment level further. This trend was supported by the pull-out tests. The effect on single fibre 
tensile strengths was not quite as obvious. This apparently rose, fell and rose again over the 
range of surface treatments where the interfacial shear strength had simply increased. The first 
peak was suggested to be due to the removal of debris and the second thought possibly due to 
the removal of a weakly bonded layer of graphite from the fibre.
C.A. Baillie et al. (1991) investigated the same system using X-Ray Photo-electron Spectroscopy 
(XPS). This showed large initial increases in oxygen concentration with surface treatment which 
levelled out at higher surface treatment level, similar to the trend of interfacial strength suggested 
by the previous paper. The acidity values were found using adsorption isotherms to increase and 
level out at the same treatment level as the interfacial shear strength suggesting that chemical 
bonding could play a part in adhesion.
P.W.Yip and S.S.Lin (1990) studied fibres from PAN and pitch precursors. They investigated 
the following surface treatments:-
1) Wet oxidation with concentrated nitric acid
2) Wet oxidation with hydrogen peroxide solution
3) Dry oxidation after pre-soaking in phosphoric acid
4) Reduction using hydrogen after wet oxidation with nitric acid.
These treatments were adjusted to account for the reactivity of the different types of fibre. 
Transverse tensile strength of unidirectional composites made using a standard epoxy resin was 
used to compare adhesion of the fibre to the matrix. Oxygen levels were measured using XPS. 
Oxygen levels were found to increase with all treatments. Hydrogen reduction subsequent to 
surface treatment with nitric acid was found to reduce oxygen levels, sometimes below their 
original untreated values. The transverse tensile strengths were found to increase with surface 
treatment except for one of the pitch-based fibres for which transverse tensile strength remained
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about constant, so that a direct correlation of adhesion with increased oxygen content was not 
found. Oxidation with nitric acid gave the highest oxygen concentrations. The transverse tensile 
strength did not decrease upon subsequent hydrogen reduction of the nitric acid oxidised fibres, 
although the oxygen present was only a small percentage of that in the nitric acid oxidised 
samples. They describe the oxidation treatments as initially smoothing the surface removing loose 
surface layers followed by the formation of graphitic oxides increasing surface roughness. The 
surface morphology was seen to depend on the fibre precursor as well as surface microstructure. 
They concluded that the important role of these oxidative treatments was to enhance surface 
roughness allowing more mechanical interlocking and weak binding forces.
S. Mujin et al. (1989) treated fibres using a cold plasma. Their values for interlaminar shear 
strength of carbon fibre reinforced epoxy composites increased from about 60 MPa to 100 MPa. 
The strength of the fibre was little affected by the treatment. Using electron microscopy, the 
roughness of the fibre surface was shown to increase. The diameter of the fibres measured by 
means of an image shearing device, was shown to be slightly reduced. The concentration of 
oxygen containing groups, was shown to increase as was the wettability of the fibre surface. The 
improvement of ILSS was explained as being due to the increased wettability and reactivity of the 
fibre and also increased mechanical interlocking, however the degree of importance of each of 
these effects was not resolved. It was not mentioned that the improved roughness might bring 
about an increased surface area, which could also have improved bonding in this case. However, 
it would appear that the plasma surface treatment could be a viable competitor to electrolytic 
treatments, due to its low cost and lower environmental impact.
Denison (1988) studied carboxyl groups on the surface of Type I fibres. Barium was used 
to label the carboxyl groups to enable XPS to be used to study the concentration of these groups 
with treatment level. The barium ion binds to two adjacent carboxyl groups producing a stable 
structure and due to its relatively large cross-section can easily be detected by XPS. These tests
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demonstrated an increase and then a levelling off of the concentration of these active sites with 
oxidative surface treatment. It was also demonstrated that epoxy prepolymer molecules bind very 
strongly to the carboxyl groups. Bonding of epoxy groups to chemisorptive, active, carbon atoms 
is also suggested.
J.Harvey et al. (1987) studied the effect of surface treatment on high strength (Type II) carbon 
fibres. Different electrolytes were used for the anodic surface treatment. Composites were made 
using Shell 828 DGEBA type epoxy resin cured with nadic methyl anhydride and a catalyst. XPS 
was used to determine the surface functionality by studying the shifts in binding energy from the 
main carbon and oxygen peaks. Oxygenrcarbon ratios were obtained by comparing the main XPS 
oxygen (O-ls) and carbon (C-ls) peaks. Treatment using sodium hydroxide, potassium dichromate 
nitric acid and ammonium bicarbonate as electrolytes produced an increase in ELSS from 40 MPa 
levelling off at 86 MPa at higher degrees of surface treatment. After heating these fibres at 
1000°C the amount of functional groups was found to be greatly reduced but the ILSS values 
were found to either be the same or higher than for the unheated fibre. Generally ILSS values 
did not appear to correlate with oxygen to carbon ratios or even increased concentration of a 
particular functional group.
E. Fitzer et al. (1980) studied the effect of nitric acid on both Type I and II fibres. Composites 
were made using a standard epoxy resin. Titration of treated and untreated fibres with sodium 
hydroxide was carried out to determine the amount of acid groups. Type I and II fibres were 
found to have reacted to surface treatments very differently. The concentration of surface oxides 
was shown to increase with treatment time for both types of fibre. For the Type I fibres there 
was a considerable incubation period and concentration of surface oxides after substantial levels 
of surface treatment was an order of magnitude lower than for Type II fibres. BET analysis 
(named after S. Brunauer, P. Emmett, E. Teller who developed the technique), a technique using 
gas adsorption for the determination of surface area, was used to measure the surface area of the
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fibres. BET measurements showed the surface area of Type II fibres to increase a lot faster than 
Type I. A maximum surface area of 15 m2/g was measured after about 18 hours for Type II fibres, 
after which the surface area was observed to fall with increased surface treatment, whereas there 
was no peak in surface area of Type I fibres with time, surface area being observed to increase 
steadily to about 2 m2/g after 48 hours. SEM studies showed pits in Type II fibres after having 
been surface treated for an hour with the fibre shell destroyed after about 6 hours surface 
treatment. TyPe I fibres showed no visible change after 48 hours surface treatment. The tensile 
strength of Type II fibres increased and then decreased after about an hour. There was no 
obvious pattern of change with Type I fibres, the strength remaining approximately constant with 
increased surface treatment. Both types of fibre showed partial wetting by epoxy resin without 
hardener after 36 hours surface treatment, but ideal wetting by the hardener and uncured mixture
^  occ.'JkccexX
after more than 6 hours treatment time, so that the hardener is acting as a coupling agent. 
Kjeldhahl analysis was carried out to measure the concentration of amine groups. This technique 
involves decomposing the sample in sulphuric acid, which converts nitrogen present into 
ammonium sulphate. The amount of ammonium sulphate can be measured by adding an excess 
of alkali, distilling off ammonia (which becomes an alkali when in solution) into a standard acid 
solution and titrating the excess acid with an alkali. After dissolving excess non-reacted hardener 
from the surface, Kjeldhahl analysis gave twice the concentration of amine groups compared to 
carboxylic acid groups which they suggested demonstrates a stoichiometric bonding between 
carboxylic groups on the fibre to diamine groups on the hardener. Using further extraction of 
hardener treated fibres with formic acid they concluded that they had shown that all chemical 
bonds between carboxylic groups and the hardener were hydrogen bonds, although this process 
is not detailed. The ILSS of composites reinforced with Type II fibres showed a maximum ILSS 
after about 3 hours treatment. After longer times, failure was brittle without the shearing 
observed with shorter treatments. They suggested that this was due to increased bonding and a 
severe decrease in fibre strength. Although the Type II fibres had a much lower oxide 
concentration, similar ILSS values were obtained. Here there was no peak with ILSS increasing
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up to at least 25 hours treatment time. Although it is stated that the wetting measurements and 
Kjeldhahl analysis have shown that the adhesion is chemical in nature, it has not been 
demonstrated that chemical bonding is the only adhesion mechanism.
Nakayama et al (1990) used XPS to study the functional groups on carbon fibres (Torayca 
T800H by Toray Industries Inc.) with different degrees of electrochemical surface treatments. 
Gas phase chemical modification of these groups was carried out prior to XPS to distinguish 
between groups which would otherwise have had small spectrum shifts, such as carboxylic and 
esters. Gas phase modification has the advantage of avoiding problems associated with liquid 
solvents such as swelling and contamination. Hydroxyl, carboxylic and primary amine groups were 
monitored. The oxidation treatment was observed to increase the numbers of carboxylic groups. 
a -Epichlorohydrin was reacted with carbon fibres to form an epoxide layer on the surface. The 
average thickness and fractional coverage of epoxy were derived. The fibres were then washed 
in acetone and dried to remove molecules not covalently bonded to the surface. They showed 
that there was an abundance of bonded molecules exceeding the available carboxyl groups thus 
indicating a degree of physisorption (Van der Waal’s).
Although surface treatments are accepted to increase the adhesion between fibre and resin, the 
mechanisms are obviously not fully understood and would appear to be a combination of effects. 
This includes chemical bond enhancement and increasing the surface roughness to enable 
increased mechanical interlocking which would also provide more sites for chemical bonding. 
Increasing the surface energy of the fibre would appear to improve the wetting of the fibre by 
resin where the energy of the resin is higher than that of the fibre removal. This would also raise 
the bonding capability of the system by different mechanisms. Increasing the surface area also 
would increase the potential for physisorption. The removal of a weakly attached carbon layer 
from the fibre. The respective contributions of each of these possible mechanisms apparently 
varies with fibre used, resin, type of surface treatment, and length of time surface treated. It
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would appear that the mechanisms should be assessed for each case rather than assumed from 
work done on other systems.
As far as this study is concerned the most important consideration with the effect of surface 
treatment is the effect on the single fibre tensile strengths and interfacial strength and the effect 
these have on the composite strength and not the mechanisms by which this occurs.
A report by Dunford et al. (1981) describes tests on high strength (Type II) carbon fibre/epoxy 
laminates. Fibre of varying levels of surface treatment was supplied by two different 
manufacturers. The interlaminar shear strength, which was observed to increase with surface 
treatment to a maximum after which it was insensitive to increased levels of surface treatment. 
The tensile strength of unidirectional composites was observed to increase sharply with surface 
treatment at low surface treatment levels, reach a peak sometimes at surface treatment levels 
lower than where the ILSS had reached its maximum, and then decrease gently at higher 
treatment levels sometimes below the original untreated values.
J.Harvey (1986) studied interfacial strengths and tensile failure of various fibre/epoxy 
composites where the fibre had undergone varying levels of surface treatment. Five different fibre 
types were studied along with two different resins (DGEBA and TGDDM both cured with NMA 
and K61B). ILSS values all increased to a maximum value with increasing surface treatment after 
which the ILSS was insensitive to further surface treatment, except for one of the fibres for which 
the ILSS was apparently insensitive to surface treatment across the entire range of surface 
treatment studied. Carbon tows impregnated with TGDDM resin generally showed a decrease 
in tensile failure strain with increased surface treatment with some evidence of an initial increase 
for some of the fibres whilst those impregnated with DGEBA generally showed an increase in 
failure strain. Failure strains for the tows impregnated with DGEBA were higher than those 
impregnated with TGDDM. However, the failure strain of carbon tows impregnated with
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DGEBA resin was less affected by surface treatment. An important point for comparison with 
other results is that only 9 samples of each surface treatment were tested for the measurement 
failure strain and no indication of scatter was shown for the results. A relation was also observed 
between the mechanical data and the fibre diameters. The increase in ILSS with surface 
treatment was larger for larger diameter fibre and the decrease in composite breaking strain was 
larger for smaller diameters. An explanation given for the breaking strain/diameter correlation 
is that there is a greater fibre surface area per volume fraction of composite for small diameters 
so that smaller diameter fibre composites will have more volume associated with the interface, 
making strain to failure more sensitive to surface treatment. However this does not explain the 
ELSS/diameter correlation.
Bader, Charalambides and Ling (1991) carried out tests on intermediate modulus PAN-based 
carbon fibres. These fibres have been subjected to heat treatments intermediate to those 
undergone by Type I and Type II fibres. The strength of the fibres showed little variation with 
degree of surface treatment. These fibres were combined with epoxy to produce impregnated 
bundles. For composite samples made with sized fibres, the tensile strength was shown to increase 
initially then decrease with surface treatment - a similar trend to Dunford and Manocha’s results. 
The unsized fibres stayed about constant and then decreased with surface treatment, but as only 
a few different surface treatments were studied, it is possible that an initial increase may have 
been missed. As with Manocha’s results the composite tensile strength decreases below the 
untreated values for composites with both sized and unsized fibres. The mode of failure was 
suggested as an explanation. At low treatment levels, a lot of splitting was observed at failure, 
which might have arrested failure by stopping the crack propagating across the sample. Less 
splitting is associated with higher treatment levels which could explain the failure occurring at 
lower stress.
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Property Units
Carbon
PAN-based
Typel
Carbon
PAN-based
Typell E glass
Diameter 7.0-9.7 7,6-8.6 8-14
Density 10*5 kg m"*5 1.95 1.75 2.56
Young's Mod(E) 
Modulus 90°
GNm"2 390 250 76
to fibre axis 
Tensile
GN m"2 12 20 76
strength
Failure
G N m '2 2.2 2.7 1.4-2.5:
strain
C.T.E**
% 0.5 1.0 1.8-3.2
parallel
C.T.E.
10~6 °C _1 -0.5to-1.2 -0.1to-0.5 4.9
radial 10'6 0C_1 7-12 7-12 4.9
q _ o
NB. Density of graphite single crystals is 2.26x10 Kg m 
* Value increases to 3.5 for freshly drawn glass
** Coefficient of thermal expansion values are for the temperature range 0 to 100°C
Table 1.1. Properties of carbon and glass fibres at 20°C from Hull (1981)
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Figure 1.1 Variation of fibre strength and Young’s modulus with heat treatm ent 
temperature .Moreton et al (1967).
Figure 1.2 Schematic representation of the structure of carbon fibres based on X-ray 
diffraction and electron microscopy. (From S.C. Bennett, PhD thesis, University of 
Leeds 1976)
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Figure 1.3 Schematic diagram of the direct m elt process for production of continuous- 
filament fibre glass (Mohr and Rowe 1978)
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Figure 1.5 Epoxy amine reactions 
c) Molecules formed by intramolecular reactions between an epoxy group and sites i and 
ii in a). A ring structure is formed in both cases.
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Figure 1.7 Main reactions occurring during the cure of epoxy using an acid anhydride 
curing agent
a) Showing anhydride ring opened by hydroxyl group
b) Carboxylic acid group from a) reacting with an epoxy group
c) Additional reaction occurring during cure.
Chapter Two
Strength and Mechanisms of Failure of 
Uni-Directionally Aligned Composites
2.1 Introduction
In a continuous uni-directionally aligned fibre composite, where the strain to failure of the 
matrix and fibres were the same, the strength of the overall composite was proposed by Kelly 
(1966) to be given by the sum of the two components weighted for the amount of each present. 
This can be represented by the following equation:-
® c ~  ® m u^m  ( 2 . 1 )
where oc is the overall composite strength, Vf is the fibre volume fraction, Vm is the matrix volume 
fraction, ofu is the tensile strength of the fibres and omu is the tensile strength of the matrix. As 
there are only two components, the sum of their volume fractions is 1 which simplifies the above 
equation to:-
(2 - 2 )
21
However it is unlikely that the failure strains of the fibre and matrix are the same. For high 
volume fractions generally associated with continuously aligned composites, when the strain to 
failure of the fibres is higher than that of the matrix, the fibres will still be able to sustain the load 
when the matrix has failed. This leads to the following:-
oc=atuVc ( 2 . 3 )
In the situation where the strain to failure of the matrix is higher than that of the fibres, the 
matrix continues to bear load up to fibre failure. For high fibre volume fractions the matrix will 
be unable to sustain the load after the fibres have failed and so the following equation could be 
used:-
oc=afuVf*o'ma - V f )  ( 2 -4)
where om’ is the stress carried by the matrix at fibre failure. This equation gives a reasonable 
prediction of strength when there is limited scatter in the distribution of fibre strength, such as 
in the case of tungsten fibres in a copper matrix studied by Kelly (1973). However, when brittle 
fibres are tested in tension, a range of values for fibre strength are observed and the strength 
increases as the test length is decreased. Using the mean fibre strength values in the ’Rule of 
Mixtures’ equation generally predicts values of composite strength less than the actual composite 
strength.Hbwever overprediction of composite strength using the ’Rule of Mixtures’ has also been 
shown to be possible (Fukuda and Kawata (1977)). Therefore a representation of the fibre 
strength distribution should be included in any model for the prediction of the strength of the 
composite. The interface between the fibres and matrix would also be expected to influence the 
failure of a composite, as this is where stress is transferred from the matrix into the fibre.
22
Considering the worst case, if there was no bond between the matrix and fibres, load could be 
transferred into the matrix, but not into the fibres, resulting in the composite only exhibiting the 
strength associated with the matrix. The interface should therefore also be considered when 
trying to predict the strength of a composite and its effect is discussed in section 2.7.
2.2 Tensile Failure Models For Single Fibres
The most established models for the failure of simple uni-axial composites are based on the 
application of Weibull statistics (Weibull, 1951). Weibull proposed an empirical cumulative 
distribution function such that:-
F(x) = l - e ~ * {x) ( 2 . 5 )
where x is a variable describing some characteristic of the population, F(x) is the probability of 
the variable being equal to or less than x, and j\r(x) is a function of x and is described later. This 
equation has the convenience that:-
/ 2 g \
( l - F( x)  ) n = e~n*(x)
(where n is a constant) which allows ease of scaling for multiple elements.
Weibull statistics can be used to describe many populations including the chain of links problem ' 
where a chain can be considered to have failed if one of its links has failed. Alternatively it can 
be considered that the survival of the chain relies on the survival of the individual links. 
Therefore:-
(1 - F ( x ) n) = ( l - F ( x ) ) *  ( 2 . 7 )
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where F(x) is the probability that a link fails and n is the number of links in the chain, so that if 
the probability of failure of individual links can be described by Equation 2.5, the following is
obtained:-
F ( x ) n = (2 . 8 )
Weibull set ijj(x) as follows:-
( 2 . 9 )
where Xo is the characteristic value for which the probability for n = l is 0.632 (l-exp(-l)), also 
known as the scale parameter, w is the shape parameter or Weibull modulus and x„ is the value 
at which the function becomes zero. Equation 2.9 was chosen as a convenient equation satisfying 
the necessary condition that F(x) has to be a positive non-decreasing function vanishing at a value 
which is not necessarily 0. Substituting Equation 2.9 into Equation 2.8 produces the following:-
Brittle fibres can be considered in a similar manner to that of the chain of links. Griffith 
considered that the strength of brittle materials was determined by flaws, so that a brittle fibre
occurred anywhere along its length. In this situation the Weibull equation can be written as
where Pf(L) is the probability of failure of a fibre of a length L at an applied stress o, and o0 is the
F ( x ) n = 1 - e x p ( -
n ( x - x VL) w^
x o
(2 . 1 0 )
can be considered as divided into lengths each containing a flaw of varying severity and so the 
fibre can be considered to have failed if one of its segments has failed, i.e. if a failure has
Pf  = [ l - e x p ( - I ,  (t  U) ^
o - o
H ) w) ] (2 . 11)
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characteristic strength of a unit length, and is the stress at which the probability of failure of unit 
length is 0.632 (l-exp(-l)). a,, is the lowest value for strength and is often set to 0 for
simplification, producing what is known as the Weibull two parameter cumulative distribution 
function. This equation could alternatively be expressed in terms of strain, by replacing stress, 
characteristic strength and respectively with strain, characteristic strain, and the value of strain 
where the probability of failure starts to increase from zero. The shape parameter (w) describes 
the variability of the failure strength, a low value of w indicating high variability. The form of the 
Weibull distribution is shown graphically in Figure 2.1. for lengths of 1,10 and 100 units.
The two parameter Weibull cumulative distribution expression can be rearranged to produce the 
following equation:-
In l n [ —-— ] =w l n a -  w l n o 0 + InL (2 .12)
1 Pf
By plotting lnln{l/(l-Pf)} versus lna (commonly termed a Weibull plot) a straight line of slope 
w, is obtained, from which a0 can be found from the intercept with the x-axis. Pf is obtained by 
ranking the data points in ascending order and using one of the following estimators:-
(i) Pt=j/(n+l)
(ii) P,=(j-0.5)/n
(iii) P[=(j-0.3)/(n+0.4)
(iv) P,=0-(3/8))/(n+0.25)
where j is the rank and n is the number of data points. These are discussed by Bergman (1984) 
who found the second estimator to give the least biased results for sample sizes larger than 20, 
and the fourth estimator to give the least biased results for samples of less than 20.
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As a consequence of the Weibull equation, values of strength obtained at one gauge length may 
be used to determine strength at another length for similar probabilities of failure using the 
following equation:-
where o0(1) is the strength of the fibre at length L1} and o0(2) is the strength of a fibre of length L2 . 
Equation 2.13 is termed the weak link scaling equation. Increasing the length is represented by 
a shift to the left on a Weibull plot as shown in Figure 2.2.
Daniels (1945) studied the strength of bundles of classical fibres where the strength is 
considered to be independent of the rate of loading. When one fibre fails the load was 
considered to be shared between the remaining fibres. Coleman (1958) applied Daniels work to 
the strength of infinite bundles of fibres using the Weibull distribution function. He studied the 
ratio of tensile strength of a bundle compared to the average tensile strength of its filaments and 
showed that when there is no dispersion in the strength of the component filaments, (i.e. w is 
equal to infinity) the strength of the bundle is exactly the same as the strength of the filaments. 
Also, as w decreases, (i.e. the range of fibre strength increases) the strength of the bundle tends 
to zero in the limit of infinite dispersion. So for real fibres the tensile strength of a bundle is 
always less than the average tensile strength of the constituent filaments of the same length, and 
decreases as the variation of individual fibre strength increases. Coleman obtained the following 
relationship between dry bundle strength and single fibre strength
( 2 . 1 3 )
2.3. Tensile Failure Models For Dry Fibre Bundles
w1/lvre x p  ( l / w )  r ( l + l / w )
1 ( 2 .1 4 )
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where ob is the bundle strength, of is the single fibre strength and r  is the gamma function. The 
ratio between dry bundle strength and single fibre strength is generally known as the ’Coleman 
factor’.
In order to remove the sampling errors associated with single fibre testing and also to avoid 
time consuming single fibre tests, the single fibre strength distribution could in theory be obtained 
from loose bundle tensile tests. The analysis of loose bundle data is described by Chou (1992). 
The analysis is based on the following assumptions:-
a
1) Single fibre tensile strengths obey^  Weibull distribution function,
2) The fibres obey Hooke’s law, 
and
3) The applied load is distributed uniformly among surviving fibres during a bundle tensile 
test.
Initially the following derivation of the Weibull equation, written in terms of strain is considered:-
PF (ef  ) = 1 -ex p  [ -L ( )  w ] ( 2 . 1 5 )
€o
where Pf(ef) is the probability of failure of a fibre at a strain ef, e0 is the strain scale parameter 
for fibres of unit length, L is the length and w is the Weibull modulus.
The number of surviving fibres which initially consists of N0 fibres is:-
N = N0 [1-Pf  (ef ) ] = N0e x p [ - L (  — ) ] ( 2 . 1 6 )
6o
N can be related to the applied tensile force (F) on the bundle:-
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F = of  AN = AEf ef N0 exp [-L (-^ -)  "] (2 . 1 7 )
€o
where A is the cross-sectional area of a fibre, of is the stress on the fibres, and Ef is the Young’s 
modulus of the fibre. So if A, No, L, Ef, Cq, and w are known, the force versus strain curve for 
a fibre bundle can be inferred. Figure 2.3. shows a plot of F versus strain using equation 2.17 for 
typical values of A, N0, L, Ef, e0 and w. However, we would like to calculate values of €„ and w 
from the loose bundle tensile test curves. At the maximum point of the curve we have the 
relation that dF/def is zero.
-^-=AEf  iV0exp  [-£,( — ) w ] + AEf  ef  N0 - ^-r- [ex p [-L  ( ^ - ) w 3 ] ( 2 . 1 8 )  aef  e 0 ci{ef ) e0
= >
w-1
= ABf N0 e x p  [ - L ( — ) * ] -  AEf ef  Af0e x p  [ -L  ( — ) "  ] Lw ( - £ — )
“€f  €0 €0 €qW
( 2 . 1 9 )
dF/def=0 = >
e0=em(Lw) 1/w ( 2 . 2 0 )
where em is the strain at the maximum load. Substituting em back into equation 2.17 gives:-
=AN0Ef e0( ^ ) U'' ( 2 . 2 1 )
where e is exp(l).
The gradient of equation 2.17 at the origin (S0) obtained by substituting ef equal to zero into 
Equation 2.18 is given by:-
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S0=AEf  N0 ( 2 . 2 2 )
The gradient of the straight line connecting the origin to the point (FmJem) can be determined 
using equations 2.20, 2.21 and 2.22 to be:-
5= Jmax=5o ( i / e ) 1/" ( 2 . 2 3 )
ejn
Therefore we have the relation that:-
w=-
( 2 . 2 4 )
F* max
Using equations 2.20 and 2.24 gives w and e0 in terms of parameters that can be found from the 
loose bundle force versus strain curve. Once an experimental load versus strain curve has been 
obtained for a dry bundle, the Weibull modulus for the single fibre failure strain distribution can 
be calculated from the load and strain at the maximum load, and the initial gradient of the dry 
bundle curve using equation 2.24. The single fibre characteristic strain can be calculated from the 
single fibre Weibull modulus calculated using equation 2.24, strain at maximum load on the diy 
bundle load strain plot and the length of the fibre using equation 2.20.
2.4 Tensile Failure Models For Uni-directionally Aligned 
Composites
2.4.1 The Ineffective Length
When an array of parallel fibres is embedded in a polymeric matrix i.e. a unidirectional 
composite, the tensile failure analysis becomes more complicated. When the array is subjected
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to an applied tension, a uniform strain is induced within the composite and at some critical strain 
a fibre will fail at what must be the most severe flaw within the array. In a dry bundle, the broken 
fibre would be unloaded along its entire length, however, in a composite, the fibre ends tend to 
retract, but are restrained by the matrix and so stress is rediffused back into the broken fibre by 
shear interaction with the matrix at the fibre/matrix interface. Unlike the dry bundle situation, 
the fibre in the matrix is only unloaded over a short distance either side of the break. This 
distance is commonly termed the ineffective length (Rosen (1964) and is shown schematically in 
Figure 2.4a. This situation has been modelled by Cox (1952) and by Kelly and Tyson (1965). 
Kelly and Tyson used a friction-based concept based on studies of metal matrix composites, whilst 
Cox used a shear-lag analysis where the interphase was considered to be elastic, the latter being 
more appropriate for the carbon-fibre/epoxy resin situation. Cox derived the following equation:-
- j - = l / 2 [  ( 1 ~ ^  g f  ] ^ c o s h ' 1 [ 1 + ,( 1 ~ f ) 2 ] ( 2 . 2 5 )df  2 (1 - 4.)
where 6 is the ineffective length, df is the fibre diameter, 4> is the fraction of stress recovered, Ef 
is the Young’s modulus of the fibre, Gm is the shear modulus of the matrix and Vf is the volume 
fraction of fibre. Substituting values for carbon/epoxy into this equation, gives an estimate of 
ineffective length of 5-10 fibre diameters. The model is simplified as it assumes elastic behaviour 
and that the matrix remains bonded to the fibre. It leads to the prediction of shear stress 
exceeding the shear strength of the matrix in the region of the interface. In real systems 
debonding or plastic flow would have to occur at the interface.
Robinson et al. (1987) have used Raman spectroscopy to show that the Cox model is a good 
approximation for describing stress transfer in polymeric fibres in a polymeric matrix. Experiments 
were carried out on samples comprising of single polydiacetylene fibres in epoxy resin and the 
ineffective length was reported to be in agreement with shear-lag predictions. Glass .fibres were 
added to some specimens to reinforce the matrix and the ineffective length was shown to decrease
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with increasing volume fraction of glass fibres. This is also in agreement with shear lag theory, 
where the ineffective length is proportional to the ratio of the fibre modulus to the matrix 
modulus.
2.4.2 Stress Concentration
It has been discussed in the previous section that a broken fibre is unloaded over a short 
distance either side of the break. To preserve equilibrium, the load that was originally carried by 
the fibre over the ineffective length must be redistributed into the remaining composite. For an 
array of parallel fibres in air, the load from a broken fibre will be shared equally between the 
remaining fibres. This situation is commonly termed as ’equal load sharing’ (ELS). In a 
composite, the matrix has the effect of localising the redistribution of load. Stress is transferred 
from the break, by shear stresses at the fibre/matrix interface, into the surrounding matrix which 
in turn can transfer stress back into the surrounding fibres. Stress redistribution has been found 
to be extremely localised (Hedgepeth and Van Dyke (1967)) and is generally found to be 
contained within a volume of less than 10 fibre diameters. For modelling purposes the load is 
commonly considered to be shared over the nearest neighbouring fibres. This load sharing rule 
is termed local load sharing (LLS). The length over which neighbouring fibres are affected by 
the fibre break is commonly termed the positively affected length (PAL) after Barry (1978) which 
is depicted in Figure 2.4b. The degree of overload is described by a stress concentration factor 
(SCF), where the SCF is the stress of the fibre in the PAL divided by the stress in a fibre 
unaffected by the fibre break. This overload increases the probability that a neighbouring fibre 
will fail.
In a two dimensional composite, stress concentration factors obtained by the local load sharing 
rule are as follows:-
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k = l + — ( 2 . 2 6 )
2
where k is the stress concentration factor and i is the number of adjacent fibre failures.
Hedgepeth (1961) calculated stress concentration values using shear lag theory for layer-type 
structures and obtained values of 1.33 for a fibre neighbouring a single fibre break, increasing up 
to 2.216 for a fibre neighbouring five fibre breaks.
Fukuda (1985a) used shear-lag assumptions to analyse stress concentration factors in 2- 
dimensional hybrid composites containing small numbers of fibres with single fibre type composites 
as a special case. Values were calculated for the fibres neighbouring a certain number of fibre 
breaks. Extrapolating his calculations to an infinite number of fibres, the values were found to 
coincide with those obtained by Hedgepeth.
Fukuda (1985b) also dealt with stress concentrations due to variable fibre spacings in two- 
dimensional uni-directionally aligned fibre composites. The fibre spacing was set to have a 
Weibull distribution, but the stress concentrations did not follow the Weibull distribution. 
However, the increase in stress concentration was found to have a Weibull distribution and the 
Weibull modulus for this distribution of stress concentrations was also found to increase for 
increasing numbers of neighbouring broken fibres, i.e. the range of stress concentration decreased 
as the number of neighbouring fibre breaks increased. Stress concentration values were found 
to be higher than those for uniform fibre distributions by 0.6% for 1 fibre break increasing to 
10% higher for five fibre breaks.
In the case of three dimensional composites, stress concentration factors obtained using the 
local load sharing rule for a square array are 1.25, 1.33 and 1.375 for one, two and three 
neighbouring fibres respectively. Stress concentration values calculated using the local load
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sharing rule for hexagonal arrays are lower than for a square array due to the greater number of 
nearest neighbours in the case of the hexagonal array. For a hexagonal array the local load 
sharing rule leads to stress concentration values of 1.17, 1.25 and 1.30 for one, two and three 
neighbouring fibre breaks respectively.
Stress concentration values have also been calculated for three dimensional arrays using 
analytical and finite element methods by several workers. These calculated values reported by 
Pitkethly (1987), tend to be lower because the load is considered to be shared beyond the nearest 
neighbours. Calculated stress concentration values for a single fibre break tend to lie between
1.02 and 1.2, values for 2 neighbouring fibre breaks lie between 1.032 and 1.4, and values for five 
neighbouring fibre breaks have been calculated to lie between 1.05 and 1.75.
2.4.3. Failure Models
Rosen (1964) used single fibre statistics in his analysis of uni-axial fibre composites. In his 
model the composite was split into lengths along the fibre direction, each length considered as 
a link in a ’chain of bundles’. The length of each segment was described by an ineffective length, 
specified as the distance from a broken fibre end to where the stress is below a specified fraction 
of the undisturbed fibre stress. The stress build-up from the broken fibre ends was calculated by 
shear lag analysis. Rosen considered that as the load was increased, fibres would fail sporadically 
at various stresses, and the composite would fail when the remaining unbroken fibres in a 
particular segment were unable to carry the applied load, this being analogous to the weakest link 
concept in the Weibull model for a single fibre. This type of failure mechanism is generally 
known as ’cumulative weakening’. He then went on to evaluate the composite strength using 
weakest link theory. Stress concentrations were not considered, nor was the variation of 
ineffective length with stress level. Tensile stress was considered to act only on the fibres and 
shear stress was considered to be confined to the matrix. However the model is thought to be
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a good approximation for fibres that are very strong and stiff compared to the matrix (Zweben 
(1968)). This model was supported by experimental observations of accumulating fibre breaks in 
two dimensional arrays of glass fibre composites.
Zweben (1968) studied two modes of tensile failure in composites, one cumulative and the 
other non-cumulative. The non-cumulative process was used to describe failure where few fibre 
breaks occurred before failure of the composite and is not relevant here. Zweben based his 
cumulative failure model on Rosen’s work. This time stress concentrations were taken into 
account by means of a local load sharing principal. He used the stress concentration factors 
calculated by Hedgepeth (1961). Two-dimensional composites, similar to those in Rosen’s work, 
were studied. One fibre either side of fibre breaks was considered to be subjected to a stress 
concentration. The number of isolated segments expected to fail at a particular stress level was 
found by multiplying the number of segments by the cumulative distribution function for single 
fibre segment failure as follows
E± = N F(o)  ( 2 . 2 7 )
where Ej is the expected number of isolated fibre breaks, N is the number of segments and F(o) 
is the cumulative distribution for the single fibre segment strengths. In addition fibres would fail 
due to stress concentration on segments next to failed segments. The probability that one or both 
of the adjacent fibres break can be calculated using the stress concentration factor for a single 
fibre break. As the number of overloaded segments is known to be the number of two fibre 
or three fibre breaks arising from the original single fibre breaks can be calculated. Then the 
probabilities of fibres breaking either or both sides of two broken fibres for the case where only 
one additional fibre had broken, and either or both sides of three broken fibres, for the situation 
where both of the fibres adjacent to the initial break had failed could be calculated, and so on. 
Zweben used these probabilities to obtain expressions for En, the number of n adjacent fibre 
breaks. Experimental work reported in the same paper, investigating the number of single broken
elements, agreed well with values from the model at the higher stress levels. At low stress levels, 
there were more fractures than the model predicted, but this was considered to be possibly due 
to damage of the fibres during processing. There was also good agreement between expected 
crack propagation and observed experimental sample failure. A conservative prediction of failure 
was suggested to occur when stress levels reached those where two or more failures were 
expected. Multi-layer unidirectional composites were predicted to fail at higher stresses due to 
lower stress concentrations, and composite strength was also predicted to fall as the size of the 
element increased. The short-comings of the model are the restriction to two dimensions and the 
exclusion of the effects of debonding and crack propagation in the matrix. Also, static stress 
concentrations as oppose to dynamic stress concentrations were considered and Zweben pointed 
out that, as dynamic stress concentrations are a lot higher than static values, their effect on failure 
could be significant
A joint paper by Zweben and Rosen (1970) took this cumulative failure analysis one stage 
further by considering three-dimensional composites. Their model composite consisted of 
unidirectional fibres arranged in a square array. Analysis was considered in a similar way to the 
two-dimensional analysis, but this time there are four nearest neighbours to each fibre. The 
representative element was considered as a cylinder of fibre within a cylinder of matrix with 
diameters scaled to give a representative fibre volume fraction. The height of the cylinders was 
equal to the ineffective length. Analysis was found to become too complicated for a full solution 
to this model. From experimental work on boron fibre in aluminium matrices the value of two 
or more adjacent fibre failures was upheld as a reasonable failure criterion.
Harlow and Phoenix (1978) studied a chain of bundles model using the weakest link approach. 
They assumed a circular, uniformly spaced array of fibres, to avoid the complication of edges and 
obtained an approximate general expression for load concentration. The cumulative distribution 
function for bundle strength was calculated using computer simulation to generate all possible
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states of failed and surviving fibres of which there were 2" combinations (where n is the number 
of fibres). All possible failure sequences were then generated and the probabilities for each of 
these calculated. The limited computational power confined the results to bundles of nine or less 
fibres, however it was suggested that there might be the possibility of scaling to larger bundles 
using the weakest link scaling rule. The probability of complete bundle failure at a particular 
stress was shown to converge quickly as the number of fibres increased. Although this work is 
mathematically precise, the simplifications involved gave rise to lower values of composite strength 
than those observed experimentally.
Batdorf (1982) took a slightly different approach, neglecting the chain of bundles type model. 
Weakest link theory was still adopted for single fibres along with local load sharing involving 
nearest neighbours, but Batdorf wanted to allow for the interaction of cracks in what would have 
been different bundles, and to allocate different ineffective lengths to cracks involving dissimilar 
numbers of fibre breaks. Nearest neighbours to a break were modelled to be subjected to a stress 
concentration that decreased linearly with distance from the break. Damage was considered to 
consist of single fibre breaks, designated ’singlets’, and increasing numbers of adjacent fibre cracks 
occurring with increasing stress, termed i-plets, where i is the number of adjacent fibre breaks. 
A square array of fibres was chosen, and the i-plets were considered to be in the shape of a flat 
cylinder described as ’penny-shaped’ by Batdorf. Failure was considered to occur when an 
unstable i-plet occurred causing crack propagation across the entire sample and is analogous to 
the critical crack size Griffith-type fracture of homogenous materials.
Batdorf used the following two-parameter approximation for the Weibull distribution:-
Pft *L( —  ) w ' ( 2 . 2 8 )
(0) cj„
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This is a good approximation where Pf(o) <<1. The expected number of singlets, was 
calculated by multiplying the probability of failure of one fibre length by the number of fibre 
lengths present, as follows:-
Q ^ N L i —  ) "  ( 2 . 2 9 )
°0
where N is the number of fibre lengths.
In a similar manner to Zweben, the expected number of di-plets (i-plets, where i=2), Q2 , was 
then calculated by considering the number of fibres subjected to stress concentrations due to 
single fibre breaks and the probability that these failed as follows:-
Q2 = Q± % A, ( i ^ ) "  ( 2 . 3 0 )
CT0
where nt is the number of fibres neighbouring a singlet, X1 is the effective length of the 
overstressed fibres, and lq is the stress concentration associated with a single fibre break. Batdorf 
generalised this result for i-plets to obtain the following:-
Q m  = ( 2 . 3 1 )a0
Batdorf plotted the In Q; versus the In o for each i. A failure envelope was defined, indicated as 
a solid line in Figure 2.5. The line for each order i-plet was a straight line of gradient iw. The 
value of i-plets actually present at stress a is generally less than Qf, because some i-plets have 
become (i+l)-plets. Also, as an i-plet is created from an (i-l)-plet, Qi+1 must be less than or 
equal to Qj. Therefore the portion of the Q1+1 line extending beyond its intersection with Q{ has 
no meaning and has been omitted from the figure. For the stress range within which an i-plet lies
37
on the envelope, it is unstable, as it immediately becomes an (i+l)-plet which then immediately 
becomes an (i+2)-plet and so on, resulting in composite failure. Therefore, the failure stress of 
the composite is the stress at which any unstable i-plet is present and can be found where the 
failure envelope intersects Q=l .
A size effect was predicted, with failure stress decreasing as the length of fibre increased, but 
with less influence at higher fibre lengths due to the requirement of a higher order i-plet for 
failure. Weibull modulus was also predicted to change with increasing fibre length. The Weibull 
modulus of the composite was predicted to be:-
w =nw*-u ( 2 . 3 2 )n comp f i b r e  v /
where w is the Weibull Modulus and n is the number of broken fibres required to initiate failure.
Comparing results with those obtained using the model by Harlow and Phoenix to calculate the 
strength of a 2-D array, the models gave values within a few percent of each other. In part II of 
the same paper Batdorf compared his theory with experimental data. The value that would have 
had to have been used for the ineffective length was found to be too high.
Batdorf and Ghaffarian (1982) modified Batdorf s previous work and took into account irregular 
fibre spacing and hence the varying stress concentration and ineffective length for nearest 
neighbours. More reasonable values for ineffective length were found to be predicted. 
Comparison between theory and experiment was to be the subject of a future paper.
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2.5 Monte Carlo Methods For The Simulation of Failure
Due to the statistical nature of fibre failure, Monte Carlo methods have been adopted by 
several workers for description of composite failure.
Fukuda and Kawata (1977) used the Monte Carlo method to predict the strength of two- 
dimensional composites. Their model assumed a regularly spaced, planar array of fibres. The 
composite was divided into lengths of fibre surrounded by matrix, twice the ineffective length (see 
Figure 2.6). The fibres were set to have strengths following a normal distribution. Failure was 
considered to occur due to the accumulation of link failures. The first link to fail was that with 
the lowest value of F, where:-
F-  S tr e n g th  (2 33)
k
and k is the stress concentration factor (SCF) taking into account loading due to neighbouring 
broken fibres. The SCF was originally set to 1 when there were no previous link failures. 
Subsequent values used were based on a modification of Hedgepeth’s (1961) shear lag analysis 
as described by Fukuda and Kawata (1976). After each break, F was recalculated for each link 
using the updated stress concentration factors and the link with the lowest value of F was 
considered to have failed. The calculation was stopped when all the links in one column were 
broken. This analysis suggested that the relative strength of the composite, (i.e. the strength per 
fibre) and the number of micro-cracks decreased with increasing ratio of stiffness of fibres to 
stiffness of matrix. Another prediction from the analysis was that the relative strength of the 
composite decreased with increasing Ifibre content and volume. The absence of consideration 
of debonding was mentioned as a deficiency in the simulation.
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An application of the Monte Carlo method by Manders, Bader and Chou (1982) considered 
a slice of a composite that could be scaled to the ineffective length and considered as a chain in 
a chain of bundles. It was suggested that in a real composite, the coordination lies somewhere 
between that for a hexagonal and that for a square lattice, a square lattice was chosen, thus 
leading to higher stress concentrations for a hexagonal array. A maximum of 100 fibres were 
considered and 100 simulations were carried out to produce the cumulative distribution function 
for each combination of bundle geometry and fibre strength distribution. Two different computer 
programmes were studied. The first loaded the fibre array incrementally and tested the fibres in 
sequence to determine which had failed and the second was similar to the Fukuda and Kawata 
programme described previously which searched for the weakest fibre and applied sufficient load 
to cause it to fail. The incremental procedure was used to generate results under the universal 
load sharing rule and both procedures were used with the local load sharing rule. Simulation of 
uncoupled bundles using the iterative programme showed good agreement with theory previously 
described by Coleman (1958). Weakest link scaling was used to investigate the effects of fibre 
variability on the failure mechanisms of realistically sized composites. Using the local load sharing 
rule, if the fibre Weibull Modulus (w) was greater than 7, significant numbers of composite 
fractures were expected to propagate from single fibre fractures. When w was equal to 3, a 
substantial proportion of fibres were over-stressed due to two fractures and were expected to be 
stable. However as in real systems, load sharing extends beyond nearest neighbours, higher 
Weibull moduli than 7 would be needed for failure of a significant number of composites from 
one fibre fracture. It was stated that typically a group of 3 to 5 fibre breaks is needed to 
precipitate composite failure. Variability of bundle strength was found to be less than that for 
the individual fibres with local load sharing leading to higher variability than equal load sharing. 
The model also predicted essentially elastic behaviour up to failure. Unfortunately this model was 
not compared to experimental work, so that its accuracy is not known.
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Curtis (1986) developed a Monte Carlo simulation that described failure of a 20 x 20 hexagonal 
arrayed layer of continuous fibres of thickness equal to the ineffective length (see Figure 2.7). 
Each fibre is assigned a different failure strain such that the fibres conform to the known 
distribution of fibre failure strains, which in this case was taken to be a normal distribution, 
strength data having been used from a report by Priest and Bader (1981) who worked on 
continuous aligned high strength carbon fibre/epoxy composites. Curtis applied the strain in 
incremental steps until the weakest fibre failed, the nearest neighbours were assumed to carry the 
extra load, and as there were six nearest neighbours, they were subjected to a strain concentration 
factor of 1.17. These neighbours were then checked to see if would Tail. If not, the strain was 
incremented and so on until failure was propagated across the layer. Layers were then considered 
to be stacked together to form a composite, where failure was considered to have occurred when 
the weakest layer had failed. The maximum stable group of fibre failures was found to be 4 with 
few fibre failures occurring before composite failure. Three layer thicknesses were used, (0.2,0.5, 
and 1.0mm), with larger layer thicknesses giving lower composite failure strains. Composite failure 
strains predicted by the model were 30% greater than those found experimentally. Curtis 
suggested that this could have been due to the layer thickness being too small and also effects of 
the matrix that were ignored in the model. Other factors not covered by the model but which 
Curtis considers could be included, are that it is most likely that interactions between layers occur 
and that the low number of fibres gives a more exaggerated surface effect than in an actual 
composite.
A recent Monte Carlo analysis by Lienkamp and Schwartz (1993) considered the failure of a 
7 fibre microcomposite. The fibres were arranged in a hexagonal array with strengths describing 
a Weibull distribution. Load was increased in small increments and when a fibre failed the load 
was redistributed according to a local load sharing rule, until failure of the seven fibres had 
occurred. The cumulative distribution function for the microcomposite was found to follow the 
Weibull distribution with various values of Weibull Modulus depending on the number of fibres
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failures required to initiate failure of the bundle. The Weibull modulus of the composite was 
found to be equal to the number of fibres multiplied by the critical cluster size, which is in 
agreement with Batdorf (1982). As the Weibull modulus and shape parameter of the fibre were 
increased, the Weibull modulus and shape parameter of the composite were also shown to 
increase. The fibre bundle was scaled, by considering a chain of bundles analysis, where each 
bundle was considered to be the length of the ineffective length. These results were compared 
with experimental results by Phoenix et al. (1988) and Otani et al. (1991) who studied 
carbon/epoxy model ’microcomposites’. These microcomposites consisted of seven parallel carbon 
fibres embedded in epoxy forming a roughly hexagonal array. The model predictions of strength 
deviated from the experimental results of Phoenix et al. (1988) by 15.3% and Otani et al. (1991) 
by 12.9%.
2.6 The Failure of Hybrid Composites
Literature on the strength of hybrids has been well documented with particular attention paid 
to the "hybrid effect": an effect where the failure strain of a fibre is increased by the presence of 
a higher extension fibre.
The first observation of this phenomenon is generally credited to Hayashi (1972) approximately 
20 years ago, and since then has been observed many times to give little doubt of its existence. 
The possibility of the effect being due to thermal strains caused during fabrication has been 
suggested by Bunsell and Harris (1974). They worked with laminates made up of alternating 
layers of high modulus carbon and glass fibres. Carbon has a lower thermal expansion coefficient 
than glass, and therefore fabrication at elevated temperatures will mean that on curing, the carbon 
will be forced into a state of compression and the glass into tension. When tension is applied to 
the composite the carbon will be at a lower stress level than the applied load would suggest. 
However, taking this into consideration, only a small part of the "hybrid effect" could be explained.
Zweben (1977) studied laminates made up of alternating plies of "Kevlar" aramid fibre and 
carbon fibres in epoxy resin. In this case the carbon/epoxy is again the component with the lower 
extension to failure but this time has a higher thermal expansion constant (0.018xl0'6/K) than that 
for the "Kevlar" component which is negative (-3.6x1 O^ /K). Failure of the hybrids was observed 
to occur "catastrophically with no discernible pre-cracking of the carbon" at an applied strain 
4% higher than that of the carbon epoxy control. As the residual thermal strain in the carbon 
would have been positive, thermal strain contributions seem unable to explain the "hybrid effect" 
in this instance. Zweben states that as the failure processes in hybrids differ from those made of 
one type of fibre, it seems reasonable to expect the failure strains to differ. He carried out 
analysis for two dimensional arrays of alternating low failure strain and high failure strain fibres 
and took the lower bound of failure for the hybrid to be the strain level at which the first 
overstressed high extension fibre fails. Zweben describes the high extension fibres to behave like 
crack arrestors on a micromechanical level.
. o*r\
Fukuda (1983) carried our analysis similar to that of Zweben’s. One difference was that he 
considered overstressing of nearby low extension fibres rather than high extension fibres, because 
the hybrid effect is concerned with enhanced failure of the low extension component and not 
failure of the composite. Values for stress concentration factors and ineffective lengths were 
found to be slightly higher than in Zweben’s analysis.
Bader and Priest (1982) observed a hybrid effect increase of 30% with samples consisting of 
impregnated carbon tows (1000 fibres) surrounded by glass fibre/epoxy and they suggested that 
the effect could not possibly be accounted for by thermal mismatch arguments alone.
Manders and Bader (1981) studied mixed ply laminates, alternating Type I carbon or Type II 
carbon fibre in epoxy with glass fibre in epoxy. Impregnated carbon fibre tows in glass fibre in 
epoxy were also studied. An increase in carbon/epoxy failure strain in the hybrid of up to 46%
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over that for carbon fibres in epoxy resin samples was observed, the failure strain of the carbon 
phase increasing as its relative proportion was decreased and also as its level of dispersion was 
increased. As far as a statistical approach was concerned, they explained that the hybrid effect 
could be due to reducing the effective size of carbon ligaments. Therefore, if the glass fibre that 
separates these areas of carbon/epoxy is effective in stopping the propagation of fractures 
between neighbouring ligaments, failure strain of the carbon areas is increased due to what is 
effectively a size effect, that is a smaller volume of material reduces the likelihood of a severe 
flaw and is therefore stronger. Fracture mechanics arguments were also considered, although as 
is discussed in the paper, precise fracture mechanics analysis is not appropriate when a crack 
involves such a small number of fibres. The bridging of cracks in the carbon phase by the glass 
phase could be considered to reduce the strain energy release rate and therefore a higher strain 
would be reached before failure, a concept they termed as "constraint". It was proposed that the 
strengths of the single fibres could be affected once in the composite due to the constraint on 
them from the adjacent material. It was also suggested that the type of adjacent material could 
affect the critical number of adjacent fibre failures.
Chou and Fukuda (1981) carried out a Monte Carlo analysis of two-dimensional hybrid and 
non-hybrid composites. Seven fibres with lengthy equal to 20 critical lengths were considered in 
both cases. The strength of the hybrid was shown to be lower than the non-hybrid which is to 
be expected as this composite had only 3 out of the 7 high strength fibres. The Young’s Moduli 
of the two different fibres are not stated, so whether there is a higher stress/strain in the low 
extension fibres when they fail cannot be ascertained from the information in the paper. It is 
stated that in the low elongation fibre composite, failure occurs virtually as soon as the first 
failure, whereas in the hybrid, additional load is applied. This they state as "a hybrid effect", but 
it is different to the generally accepted "hybrid effect".
Fukunaga et al (1984) carried out analysis of hybrid and non-hybrid laminate composites and
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obtained good agreement with experimental data simply by taking into account the "size effect" 
using first ply failure as a failure criterion.
Bader and Batdorf (1985) report a hybrid effect of 25% with single impregnated carbon tows 
encapsulated in glass fibre/epoxy. They suggest that the "hybrid effect" observed in carbon/glass 
fibre in epoxy laminated hybrids could be mainly explained by a core and sheath argument, with 
a small effect due to thermal stresses. Fibres failing at the surface of a free bundle will have a 
more detrimental effect than those failing in the core due to the reduced number of fibres sharing 
the load concentration. However in a bundle surrounded by higher extension fibres this situation 
is reversed and so the bundle within the hybrid will be stronger.
Pitkethly and Bader (1987), studied impregnated tows and also 2 and 3 dimensional arrays of 
impregnated tows surrounded by glass fibre in epoxy resin. They concluded that the hybrid effect 
is due to a combination of effects, namely;-
a) Thermally induced compressive strains in the higher modulus fibre,
b) The constraint imposed by the glass fibre in resin preventing the cracks in the carbon 
opening up and propagating,
and
c) Changes in the behaviour of surface flaws of the impregnated carbon fibre tows; due 
to carbon fibre being surrounded by glass fibre in a hybrid, fibres failing at the surface of 
the bundle can redistribute the stress over the glass fibre as well as the carbon fibre and 
therefore effectively lower the stress concentration.
The literature indicates that the properties of the hybrid depend on the amount of each fibre 
present, the size of the composite, and also the arrangement of fibre. In the current case where 
we are considering a single ligament of carbon/epoxy in glass/epoxy, the "hybrid effect" must be 
taken into consideration, i.e. the presence of the encapsulating material would be expected to
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affect the failure of the composite. Another way of considering the hybrid situation in this case 
is that the impregnated tow is in an environment that is closer to that at the centre of a life-sized 
composite than it would in free air.
2.7 The Role Of The Interface
The strength of the interface could be included in current models by investigating the effect 
of ineffective length. An increase in interface strength in a composite would have the effect of 
reducing the ineffective lengths of the fibres within the composite as discussed by Lienkamp and 
Schwartz (1993) so that the volume of composite affected by the break is affected. However,
; decreasing the ineffective length would also have the effect of increasing the stress concentration. 
Therefore it is not obvious how the strength of the interface will affect the strength of the 
composite, unless the relative effects of the interface strength on stress concentration and 
ineffective lengths are known.
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Figure 2.1 Probability of failure of a fibre (Pf) from Weibull (1951) versus stress 
showing the effect of fibre length, w = 5, Sigma ) = 3500 MPa, Sigma p. = 0.
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Figure 2.2 Weibull plot showing the effect of changing the fibre length.
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Figure 2.4 The ineffective length (5) of a broken fibre (a) and the length affected (PAL) 
in the neighbouring fibre (b).
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Figure 2.5 Failure envelope (Batdorf 1982) obtained by plotting the natural log of Qj 
versus the natural log of stress. Qj is the number of cracks consisting of i neighbouring 
fibre breaks.
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Figure 2.6 Model used for the Monte Carlo prediction of strength of a 2-D composite 
by Fukuda and Kawata (1977).
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Chapter Three
Experimental
3.1 Selected Materials
3.1.1 Carbon Fibre
The fibre chosen for this project was a high strength (Type II), PAN-based carbon fibre 
designated as Tenax HTA produced by Akzo Faser AG, Germany. The manufacturers data for 
this type of fibre is shown in Table 3.1. The fibres were of 7 pm nominal diameter in tows of 
12,000 filaments. As received the fibres had been subjected to various levels of the manufacturers 
proprietary surface treatment, designated here as 0, 0.25, 0.5, 0.75, 1.0, and 2.0 where 1.0 
represents the standard commercial treatment level.
3.1.2 Resin
The main impregnating resin was based on a tetra-functional epoxy [MY720] with diphenyl- 
diamino-sulphone [DDS] curing agent and a boron tri-fluoride based catalyst supplied by Ciba- 
Geigy Ltd, United Kingdom. Fibre bundles were also impregnated with MY720 using Nadic 
Methyl Anhydride [NMA] as a hardener and an amine catalyst [K61B]. MY750, based on a 
difunctional epoxy, was studied as an alternative matrix resin. Similarly to MY720, the MY750 
was cured with DDS/boron tri-fluoride based catalyst and NMA/K61B. The MY750/NMA/K61B
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system was also used with glass fibre for the encapsulation of impregnated bundles to produce 
hybrid test-pieces for the study of fracture mechanisms.
3.1.3 Glass Fibre
For encapsulation of impregnated tows to produce hybrid samples, Silenka 10pm diameter E- 
glass fibre (600-tex) rovings, coated in an epoxy compatible size and a silane coupling agent were 
employed.
3.2 Dry Bundle Tensile Tests
Aluminium end tags were attached to single tows of the fibre by means of a two part quick- 
setting epoxy resin, to enable tensile tests to be performed. At first the dry fibre tows were held 
taut over the top of the lower halves of the aluminium end-tags which were positioned to give a 
gauge length of 143 mm. A small amount of the fast-setting epoxy was applied by syringe to the 
tag area. The upper halves of the end tags were then positioned over the lower halves to 
sandwich the tows and then a slight pressure was applied to the upper faces of the end-tags to 
force the adhesive to flow through the tow and onto the inside face of the lower half of the end- 
tag. The aluminium end-tag parts had been previously warmed to reduce the viscosity of the 
adhesive and improve the adhesive mobility. To prevent the adhesive flowing into the gauge 
length due to capillary action, a small amount of grease was applied to the loose bundle at both 
ends of the gauge length. A  schematic of a loose bundle test-piece is shown in Figure 3.1. The 
tensile tests were carried out on an Instron 4501 machine. Approximately 5 tests were carried 
out for each surface treatment.
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3.3 Unidirectionally Aligned Composite Tensile Tests
The unidirectional composites studied were of the form of single impregnated tows. 
Impregnated tow was continuously produced using equipment designed in-house. The equipment 
(shown schematically in Figure 3.2) pulls the tow from the spool using motor driven rollers, 
through a heated resin bath and then through a heated die to improve consolidation and control 
the fibre volume fraction. The impregnated tow then continued through a tube oven to cure it 
beyond its gel-point, after which it was cut to the required length. The resulting material is a 
cylindrical composite rod with a diameter of approximately 1 mm and a fibre volume fraction of 
0.55.
At the start of this work, the tow impregnation apparatus was found to be unsuitable for the 
fibre/resin combination selected due to the following:-
i) The temperature of the resin bath and vertical oven were controlled by a single 
electrical circuit, preventing independent adjustment.
ii) This single electrical circuit was controlled by a simple voltage supply which 
resulted in variations of temperature with time.
iii) Poor temperature profile uniformity in the tube oven.
To overcome these problems, three independent electrical circuits were used. The tube oven 
and the resin bath were heated independently using circuits containing thermocouple monitoring 
with feed-back loops to provide a stable temperature profile. The die was also heated using a 
separate circuit to prevent the resin ’chilling’ on the die walls. The electrical windings around the 
oven tube were adjusted to improve the temperature uniformity within the oven.
Impregnation had originally been carried out using a die with a constant inner bore diameter. 
However, samples produced contained an unacceptable volume fraction of voids. To aid
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impregnation of the resin and decrease the volume fraction of voids, dies with a tapered inner 
bore were used (Figure 3.3).
Various impregnation resin formulations were studied as summarised in Table 3.2. Impregnated 
bundle composites were prepared for tensile testing by fitting braided glass-fibre/epoxy end tags. 
In early experiments, end tags were made by soaking glass fibre sleeves in an epoxy resin and 
sliding them onto the ends of the samples. The end tags were cured in an oven using moulds to 
shape the resin at the end of the tag nearest to the gauge length. These samples were found to 
fail near the end tags due to the high stress concentrations in these regions. Moulds were then 
used to shape the entire length of the end tag and samples were subsequently found to fail within 
the gauge length. To prevent slippage, extensometer attachment fittings were made using a two 
part fast-curing epoxy resin system and razor blades to mould the slot for the extensometer edges. 
Figure 3.4a shows a schematic of the impregnated bundle test-piece and the final cure schedules 
are described in Table 3.3. A  summary of the number of samples with each resin/cure 
schedule/surface treatment combination is shown in Table 3.4.
Most of the impregnated bundles were tensile tested on a standard Instron 4501 machine with 
automatic data plotting facilities. For a number of samples impregnated with Resin A, a standard 
Instron 1175 machine was used to enable a record of the acoustic emission produced during 
tensile testing to be made. The acoustic emission was recorded (see Figure 3.5 for schematic) 
using an AECL 2100 series modular acoustic emission monitor to obtain information about the 
accumulation of damage leading to composite failure. A control test for the acoustic emission 
experiments was carried out on a length of mild steel (1/16 inch welding rod) of gauge length 
similar to that of the impregnated bundle test-pieces. The tensile strength of the composite 
samples was calculated on the basis of the nominal total fibre cross-section in the rod. The data 
were analysed on the basis of a Weibull distribution.
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Some tensile tests were stopped at pre-selected strain levels before failure had occurred to 
enable the study of damage build-up. These were analysed in two different ways in order to 
investigate the build up of fibre breaks during tensile testing. The first approach was to section 
lengths of these samples longitudinally to enable observation of damage using a standard optical 
microscope. The second approach involved the removal of resin from sections of the tested 
composite. Lengths (6 mm) were cut using a scalpel from the gauge length of composites tested 
to known strains. Acid digestion was carried out on these samples using fuming concentrated 
sulphuric acid to initialise resin break down and then hydrogen peroxide to further break down 
the resin. After diluting with water, the fibre could then be filtered out and then dispersed in 
water (containing glycerine to protect the fibre) using a magnetic stirrer. Representative samples 
were taken from this dispersion and poured onto glass plates. Originally, it had been intended 
that the analysis of the fibre length distribution would be carried out using a Leica Cambridge 
Quantimet Q970 image analysis system, however, due to the large aspect ratio of the fibres, at a 
magnifications low enough to achieve a significant number of fibres within an image, the diameter 
was found to be less than one screen pixel and the fibres could not be consistently detected. 
Subsequently, image analysis of photographs taken of the fibres on the glass plates was attempted, 
but the detection of these was also inadequate. Consequently, fibre lengths had to be measured 
individually from the photographs in order to determine the number of fibre breaks contained 
within the original section. The number of fibre breaks was calculated by counting the number 
of fibres with lengths between 0 mm and 1 mm, 1 mm and 2 mm and so on up to between 5 mm 
and 6 mm. Initially the number of the original fibres that had had one break introduced by 
testing were approximated by counting the number of 0-lmm/4-5mm, l-2mm/3-4mm and 2-3mm/2- 
3mm pairs and assuming that all the fibres with lengths between 5-6mm were unbroken. Fibres 
that could not be paired in this manner were then assumed to be from fibres that had had two 
fibre breaks introduced along their lengths. After considering the different combinations in which 
2 fibre breaks could be accommodated in one 6mm fibre, the remaining fibre lengths were then 
considered to have come from fibres that had three fibre breaks introduced and so on until the
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total length of fibre not accounted for was less than 6mm. Lengths of untested composite were 
used as control samples so that the percentage of fibres with length less than 5-6mm counted for 
the control sample experiments were taken away from the number of 0-1 mm, 1-2 mm, 2-3 mm, 
3-4 mm and 4-5 mm length ranges to account for damage incurred during experimentation.
3.4 Measurement of Matrix Properties
Plaques of resin were cast by pouring freshly mixed and degassed resin into moulds comprising 
of two square glass plates separated by aluminium spacers. The moulds were sealed on 3 sides 
by flexible plastic tubing and were held together using bulldog clips. After the resin had been 
poured into the moulds, they were left for approximately one hour for any air bubbles created 
during the addition of the resin to the mould to escape. Plaques of resin of types A,B,C and D 
(see Table 3.2) were cast. The plaques of resin were then cured using their standard cure 
schedules (see Table 3.3). The cured plaques of resin were carefully removed from the moulds 
and cut by a diamond saw into sections of approximately 3 x 20 x 140 mm. These were end- 
tagged with aluminium end tags and x-y strain gauges were attached to the resulting test-pieces 
so that the Young’s modulus and Poisson’s ratio could be obtained. Samples were tested in a 
standard 1175 Instron testing machine.
3.5 Hybrid Tensile Tests
Hybrid samples were originally produced using a process developed within the department by 
Priest (1983). This process involved attaching both ends of several impregnated carbon fibre tow 
lengths to a square frame, parallel to each other and uniformly separated. Glass fibre was wound 
onto the frame, with the fibre running parallel to the impregnated bundles, leaving no gaps in the 
frame. The frame was placed horizontally on release film in a vacuum box, epoxy was then
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poured onto the frame and an additional sheet of release film was placed on top. Weights were 
then placed on the upper film and a vacuum was applied to aid impregnation of the glass fibre. 
The resin was then cured and samples cut to obtain one impregnated carbon fibre tow per coupon 
surrounded by glass fibre7 in epoxy resin. This technique was designed as a means whereby several 
breaks can be produced in each length of epoxy resin impregnated carbon fibre tow with the 
cracks preserved within the glass fibre in epoxy resin. However, during manufacture due to non- 
uniform loading, some of the glass fibre moved out of alignment with what was to become the 
loading direction of the hybrid sample. It was observed that, the thicker the hybrid sample, the 
shorter the length over which the impregnated carbon fibre tow debonded from the glass/epoxy 
part of the hybrid due to the better absorption of the elastic energy released by failure of the tow, 
and the greater the number of impregnated tow breaks that could be obtained within the hybrid 
prior to hybrid failure. For samples thick enough to allow an acceptable number of breaks to 
occur, the high loads involved in the tensile tests brought about premature failure of the sample 
initiated by the misaligned fibre splitting away from the test-piece.
Hybrids were subsequently manufactured using a method based on an advanced "leaky mould" 
technique described in a technical report by Tudgey (1991). A schematic of a hybrid sample is 
shown in Figure 3.4b. Glass fibre was laid into an open ended mould with base dimensions 180 
mm x 20 mm with a rod of cured impregnated tow at its centre. Without exception the tows were 
impregnated with the DDS cured MY720 based resin. Resin (NMA cured MY750) was then 
poured into the mould and the top half of the mould was placed in position. The whole mould 
was then placed into a hot press. Tension was applied to the glass fibre rovings and impregnated 
tow by means of a weight and pulley system (see Figure 3.6) to maintain alignment of the fibres. 
The weight on the impregnated tow was 1 kg, which translates to a stress of 23 MN/m2 applied 
to the carbon fibre resulting in a strain of less than 0.1%. The mould was then heated to lower 
the viscosity of the resin, and the top half of the mould was then closed onto shims to give a
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sample thickness of 2 mm. The moulding was then cured within the hot press. A cure cycle of 
3 hours at 120°C followed by 3 hours at 150°C was used.
Tensile testing of hybrids was carried out using an Instron 1195 testing machine. The glass 
fibre/MY750 resin system has a higher failure strain than the impregnated tow, so that when 
the hybrid is loaded in tension, the impregnated tow fails first and remains supported by the 
surrounding GRP material. This preserves the failure zone for subsequent microscopic study and 
also has the advantage of absorbing some of the energy released at failure which limits the 
consequential damage. Due to the transparency of the glass fibre/MY750 resin, failures on the 
impregnated tow can be observed visually. In addition to the visual impact, tow failure was also 
accompanied by an audible ’ping’. During testing the coupon was illuminated from behind using 
a halogen lamp, a polariser was placed between the light source and the coupon, and an analyser 
between the coupon and the operator. Under conditions of crossed polarisers, the strain 
birefringence at a tow break rendered it easily visible. As the coupon was extended in tension, 
the strain, and position of each tow-break within a defined gauge length were recorded. Initially 
the test pieces were extended until the first fracture of the impregnated tow occurred. However 
subsequent samples were extended up to 2%, with up to 6 tow failures obtained within the gauge 
length. All samples were monitored using acoustic emission during tensile testing. One sample 
was manufactured without the addition of the impregnated tow as a control sample for the 
acoustic monitoring analysis.
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Property U nits
HTA
G rade
Filaments/tow 103 1 3 6 12 24
Young's m odulus GPa
106lbf/in2
103kgf/m m 2
238
345
24.3
Ultimate tensile  strength GPa
103lbf/in2
kgf/m m 2
3.4
493
347
Elongation % 1.43
Density M g/m 3
lb/in3
1.78
0.064
Filament diam eter p.m 
10 3in
7
0.28
Fibre area in tow  cross section m m 2
in2 x  10 6
0.04
6
0.11
18
0.23
36
0.46
72
0.92
143
Twist t/m
t/in
15/nil
0.4/nil
15/nil
0.4/nil
10/nil
0.25/nil
nil
Size
% w/w
Epoxy all grades 
3 all grades
Yield m /g
yd/lb
14.9
7390
5
2480
2.5
1240
1.2
595
0.6
298
W eight/unit length tex=g/km
denier
67
603
200
1800
400
3600
800
7200
1600 
14 400
Resistivity p.O-m 15 all grades
Thermal conductivity W/mK n/a
Coefficient o f thermal expansion ppm/K
ppm/°F
n/a
Specific m odulus Mm 
106 in
134
540
Specific strength Mm  
10s in
1.9
7.7
Data sh ee t No. (received March 1990) 6/88
Table 3.1 Manufacturers data for AKZO (fibres and polymers division) (ENDA AG) 
(TENAX) HTA carbon fibre.
Resin COMPONENTS RATIO OF COMPONENTS
Resin A MY720 : DDS : BF3, MEA 66 g : 36 g : 1 g
Resin B MY750 : NMA : K61B 100 g : 60 g : 4 ml
Resin C MY720 : NMA : K61B 66 g : 60 g : 4 ml
Resin D MY750 : DDS : BF3, MEA 100 g : 36 g : 1 g
Resin E MY750 : NMA : K61B 100 g : 90 g : 4 ml
Table 3.2 Impregnation resin formulation summary.
RESIN CURE SCHEDULE
Resin A i/Standard) 135°C for lhr, 175°C for 2hrs
\
Resin B i/Standard) 120°C for 3hrs, 150°C for 3hrs 
ii/Undercured) 120°C for 2hrs 
iii/Overcured) 120°C for 2.5hrs,180°C for 15hrs 
iv) 120°C for 1.5hrs, 180°C for 4hrs
Resin C i/Standard) 120°C for 1.5hrs, 180°C for 4hrs
Resin D i/Standard) 120°C for 1.5hrs, 180°C for 4hrs
Resin E i/P:D) 125°C for 0.5hrs, 155°C for 1.5hrs
n.b. Ramp tim es of 45 minutes and 30 minutes were used up to first temperature and 
second temperature respectively
Table 3.3 Impregnation bundle cure schedule summary.
RESIN Cure Schedule SURFACE TREATMENT 
0 0.25 0.5 0.75 1.0 2.0
RESIN A i/Standard 45 49 45 50 48 49
RESIN B i/Standard 20 20 20 20 20 20
ii 5 5
iii 5 9 5 10 10 10
iv 5 5 5 5
RESIN C i 5 5 5
RESIN D i 4 5 5
RESIN E i 10 8 -
Table 3.4 Impregnated bundle sample summary.
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Figure 3.1 Dry bundle sample schematic showing a) view from above and b) side view.
V Q
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Figure 3.2 Apparatus for the continuous impregnation of tow.
a)
initial configuration
b)
funnelled configuration
Figure 3.3 Die schematic showing a) initial configuration with constant inner bore 
diameter and b) subsequent adopted configuration with funnelled inner bore diameter.
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extensometer slot
a.
150 mm
resin fillet
b.
end sections
t
impregnated tow glass fibre / epoxy shroud
Figure 3.4 Sample schematics for a) Impregnated bundle test-p iece and b) Hybrid test- 
piece.
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Figure 3.5 Schematic of acoustic emission monitoring equipment.
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Figure 3.6 Schematic of hybrid production process based on a ''leaky mould” technique 
(Tudgey 1991).
Chapter Four
Related Experimental Work
j ;
The work reported in this chapter summarises relevant work covered by other workers in the 
"Predict" DTT-Link Structural Composites programme. The materials studied are described in 
Chapter 3.
4.1 Single Fibre Tensile Tests
Single fibre tensile tests were carried out within the department by Buxton (1992). Single fibres 
were ’peeled’ from a length of tow immersed in water to assist the separation of the fibres and 
then mounted by means of a cyanoacrylate glue on window cards of the type designated in the 
ASTM (D3379). The card had an additional window 10 mm long to be used for fibre diameter 
measurement (see Appendix 2). The tensile strength and Young’s Modulus of single fibres from 
each surface treatment batch was measured using a novel testing machine developed at the 
University of Surrey (Biddulph 1992). A schematic of the testing machine is shown in Figure 4.1. 
The fibre is fixed between a stationary and a free moving saddle by means of the window card. 
Once attached, the sides of the card window can be cut, leaving only the fibre bridging the two 
saddles. The saddles sit on an inclinable beam with the free saddle supported on a frictionless 
air bearing so that as the beam is inclined a force is applied to the fibre. The beam is tilted using 
a stepper motor drive, and the applied force on the fibre is a function of the number of signal 
pulses applied to the motor. Fibre failure is recorded when the free saddle breaks an optical
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switch. Extension and therefore strain of the fibre may be measured by means of a miniature 
laser interferometer which is set up between the stationary and free saddles. Approximately 25 
measurements were made using fibres with a gauge length of 62 mm from each surface treatment 
batch.
In addition, as part of the Link programme single fibres of different gauge lengths, namely 5, 
12, 30 and 75 mm were tested by Rezaifard (1992). As before, fibres were mounted on window 
cards, this time containing 5 windows to ensure that a sample of each gauge length was produced 
from a single fibre, along with a separate window to enable measurement of the fibre. Tensile 
failure stresses of the fibres were obtained using a standard Instron 4501 machine. Approximately 
30 tests were carried out for each gauge length and the data was analysed according to the 
Weibull distribution.
4.2 The Strength Of The Interface
In the literature various methods are adopted in order to obtain a measurement of adhesion 
between fibre and matrix. Herrera-Franco and Drzal (1991) reviewed the most common of these, 
namely pull-out, micro-debond, single fibre fragmentation and micro-indentation which are single 
fibre techniques, and [+/- 45]s tensile, Iosipescu and short beam shear which are composite 
laminate techniques. Schematics of these techniques are shown in Figure 4.2. Micro-indentation 
is a difficult method to analyse due to the complex state of stress produced around the fibre and 
fibre fragmentation is limited to the use of high strain to failure matrices. Values of interfacial 
shear strength were obtained for all these different techniques on two different carbon/epoxy 
systems, differing only in respect to their fibre surface treatments. Different values were obtained 
for each test, reflecting the different mechanisms occurring during each test, however all tests 
showed an increase of interfacial shear strength with surface treatment.
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One method of measuring interfacial shear strength adopted in this project is the micro-debond 
method. Marshall and Price (1991) give a more detailed account of this method. Using strain 
birefringence the strain at the interface was found to be uniform, during testing. Therefore the 
interfacial shear stress can be obtained by the following equation:-
t = F/27trl j (4.1)
where F is the debond force, r is radius of the fibre and 1 is the embedded length. Micro-debond 
tests were carried out on specimens comprising of the Tenax HTA fibre with various surface 
treatments and Resin A  by Marshall (1993) as part of the ’Link’ programme. Rezaifard (1993) 
carried out short beam shear experiments on laminates with the same combination of fibre and 
resin.
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— Screw thread Cut-out system
Fixed point □
Saddle onair^bearing
-Motor
Figure 4.1 Schematic diagram of the single fibre tensile testing apparatus designed by 
Biddulph (1992).
Figure 4.2 Techniques for measuring the interfacial strength:-
a) Single fibre fragmentation, b) Pull-out, c) Micro-debond, d) Micro-indentation, e) 
Iosipescu, f) [+/-45]s tensile, g) Short beam shear.
Chapter Five
Results
5.1 Single Fibre Tests
Weibull plots for the 62 mm gauge length single fibres samples are shown in Figure 5.1 for the 
full range of surface treatments. Generally, these plots suggest a good agreement with the 
Weibull equation. Some deviation from a straight line is apparent at strengths lower than 2.4 
GPa (0.89 on the In scale) which could be accounted for by damage to fibres which may have 
been incurred during fibre production or specimen preparation and testing. Approximately 5 
fibres for each surface treatment failed before they could be tested.
The lowest, characteristic and highest strength values along with Weibull modulus are shown 
in Table 5.1 for each surface treatment level. The characteristic strength and Weibull Modulus 
values were obtained by linear regression of the Weibull Plots in Figure 5.1. The Weibull 
modulus ranges from 3.61 to 5.74, representing a wide range of scatter. A  plot of characteristic 
strength versus surface treatment (including the range of strength values) is shown in Figure 5.2. 
The characteristic strength increase slightly (2%) as the surface treatment increased from the 
0 to the 0.25 surface treatment but then decreased slightly (5% compared to the untreated value) 
as the surface treatment is increased up to the 2.0 surface treatment. This is a similar trend to 
that reported by Baillie (1991). The variation of strength with surface treatment falls well within 
the scatter of data and suggests that the differences are not significant. The data for all the tests
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at the various surface treatment levels were then analysed as a single set. This gives the Weibull 
plot as shown in Figure 5.3 along with the best fit line found by regression. The agreement 
between the data and the best fit line is obviously very good. The Weibull modulus for the 
combined surface treatment strength data was found to be 5.3 and the characteristic strength was 
3.33 GPa. Using these parameters, the characteristic strength of the fibre at any different 
specified length may be calculated using the weak link scaling principle (Equation 2.13).
Weibull plots for the tensile tests on untreated single fibre carried out at different gauge 
lengths are shown in Figure 5.4. In these plots w is found to vary from 4.55 to 7.66 with 5.93 as 
an average value. The characteristic strength is observed to increase from 3.28 GPa to 4.68 GPa 
as the fibre gauge length decreases from 75 mm to 5 mm. When the characteristic strength is 
plotted on a weak link scaling plot (see Figure 5.5) the Weibull modulus was calculated to be 
6.99. When the data for the 62 mm gauge length samples is added to this plot, the best straight 
line fit produces a slightly different Weibull modulus of 7.37 (see Figure 5.6). In this plot the 
30mm gauge length data point has been disregarded due to its inconsistency with the other data. 
The 62mm gauge length data is shown to be consistent with that for the 5, 12, and 75 mm gauge 
length data.
5.2 Dry Bundle Tensile Tests
A typical curve obtained for the dry bundle tensile test and a simulated curve for the same test 
calculated from the single fibre data is shown in Figure 5.7. The initial gradient of the 
experimental curve was observed to be a lot shallower than the slope for the simulated curve. 
Table 5.2 shows the peak stress for the loose bundles calculated from Fmax. The loose bundles are 
a lot weaker than the single fibres. The trend of strength with surface treatment is similar to that 
for single fibres, demonstrating a slight decrease of strength with increased surface treatment, 
except for the highest surface treatment which shows a sudden increase in strength over the 1.0
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surface treated bundle. The experimentally determined Coleman factor (oJo{) is shown in Table 
5.2. From the Coleman equation (2.14) a theoretical plot of Weibull modulus versus Coleman 
factor was constructed (Figure 5.8). From this plot single fibre modulus values could be read off 
for the experimentally obtained Coleman factors in Table 5.2. These single fibre modulus values 
also shown in Table 5.2 were found to be low compared to those obtained in the single fibre 
tensile tests.
r'
5.3 Properties Of The Resin Matrix
The values of Young’s modulus, Poisson’s ratio and shear modulus are given in Table 5.3 for 
resins A,B,C and D cured using their standard cure schedules.
5.4 Unidirectionally Aligned Composite Tensile Tests
5.4.1 Impregnated Bundle Production
Micrographs of sections through impregnated tow at different stages of the development of the 
impregnation process are shown in Figure 5.9. Figure 5.9a shows a representative sample of tow 
impregnated prior to the adoption of a tapered die, and Figure 5.9b demonstrates the 
improvement obtained using a tapered die. The volume fraction of fibre, resin and voids obtained 
using the tapered die was calculated for samples impregnated with the MY720/DDS/boron tri­
fluoride based cure system using the density of resin, density of fibre, linear density of fibre and
the weight of impregnated tow. The fibre volume fraction was found to be between 0.55 and 0.56
/ Vs*-and the volume fraction of voids was found to less than 1%.
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5.4.2. Impregnated Bundle Tensile Strength Data
The tensile test results for samples impregnated with the DDS cured MY720 based resin (Resin 
A) are shown in Table 5.4. There is a small decrease in strength as the surface treatment is 
increased except for the composites with the highest surface treatment (2.0) which had a higher 
strength than those treated to the 0.75 and 1.0 treatment levels. Strength is shown plotted against 
surface treatment in Figure 5.10. The actual strength variations between different treatments are 
quite small compared to the spread of data for each treatment. The Weibull plots for all the 
surface treatments are shown in Figure 5.11. Figure 5.12 shows the plot combining the best 
straight line for each surface treatment. Weibull moduli are much higher than for the single fibre 
results, varying from 23 to 34 but with no systematic trend.
The tensile test results for bundles impregnated with MY750/NMA/K61B in the ratio 
100g:60g:4ml (Resin B) with standard cure compared with those impregnated with the 
MY720/DDS/BF3,MEA (Resin A) system are presented in Figure 5.13. The strengths are 
significantly lower for the samples impregnated with the NMA cured MY750 than the DDS cured 
MY720. The strength of bundles impregnated with the MY750/NMA/K61B matrix system 
generally decreases with an increase in surface treatment except for the highest level where the 
strength rises. This trend is similar to that for the MY720/DDS/BF3,MEA samples. The Weibull 
plots for the full range of surface treatments is shown in Figure 5.14. The Weibull moduli were 
found to vary between 19 and 27, and therefore the data is slightly more variable, probably due 
to the smaller sample of data, than in the case of the MY720/DDS/BF3,MEA impregnated 
bundles. A combined Weibull plot of the best straight line approximations for all the surface 
treatments, is shown in Figure 5.15.
Figure 5.16. depicts the results for bundles impregnated with MY750/NMA/K61B (Resin B) 
cured using different schedules. Figure 5.16a displays all the data points for the different surface
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treatments and 5.16b shows the average of these points. The change of cure schedule would 
appear to have made little difference to the strength of the impregnated bundles. The overcured 
impregnated bundles (cure schedule iii (Table 3.3)) follow the same general trend as the 
impregnated bundles cured using the standard schedule, that is a decreasing in strength with 
increased surface treatment, with an increase at the highest surface treatment. For the 
undercured (schedule ii (Table 3.3) samples and those cured using cure schedule iv insufficient 
information was obtained to comment on the trend of strength versus surface treatment.
The results for bundles impregnated with Resins C and D are shown in Figure 5.17 along with 
the results previously reported for Resins A and B. Resin C and Resin D have the same main 
epoxy group as Resin A and Resin B respectively, but the curing systems have been exchanged. 
The results from Resin C were found to lie within the scatter range of the results from Resin A, 
which had the same main resin but a different cure system. Similarly, the results for Resin D 
were found to coincide with those for Resin B.
The results of the tensile tests for samples impregnated with Resin E are shown in Figure 5.18. 
Resin E has a slightly different component ratio and cure schedule to Resin B, however, the 
results were found to fall within the range of those obtained for Resin B.
5.4.3 Acoustic Event Results
Acoustic emission was monitored during tensile testing of bundles impregnated with Resin A, 
Acoustic events were observed to build up exponentially until failure for all surface treatments. 
A typical plot is shown in Figure 5.19. The acoustic plot for the mild steel rod control is shown 
in Figure 5.20. Comparatively few events were observed for this sample compared to the 
impregnated tows. Figure 5.21 shows the plot of accumulated acoustic events versus strain for 
the full range of surface treatments studied. There would appear to be no trend of accumulated
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* Due to the limited number of tests this conclusion must remain tentative.
events at a particular strain level with surface treatment. The number of accumulated events to 
failure generally decreased as the surface treatment increased (Figure 5.22) with the exception 
of the highest surface treatment for which a higher accumulation of acoustic events than the 
untreated sample was recorded. This trend is similar to that observed for strength versus surface 
treatment. The plot of failure strain against accumulated acoustic events is shown in Figure 5.23 
for all surface treatments. There was a great deal of scatter but a general trend of increasing 
failure strain with an increase in accumulated acoustic events was observed.
5.4.4 Tensile Failure Mode
Two or three failure sites were generally observed at failure: a primary failure site and 
secondary failures due to recoil, found close to the end-grips which exhibited characteristics of 
bending failure. The mode of failure was observed to change notably with surface treatment level. 
A summary of the failure modes for the different impregnation resins and cure cycles is shown 
in Table 5.5. Figure 5.24 shows examples of the observed failure modes for the samples 
impregnated with Resin A  For surface treatment values of 0.25 and higher (upper sample on 
figure 5.24), the failure path was found to run virtually perpendicular to the fibre direction in 
what could be considered a ’brittle’ failure mode. For the untreated fibre (lower sample in Figure 
5.24), splitting was a prominent feature resulting in a more fibrous fracture. Tensile failure of 
bundles impregnated with Resin B,C,D and E generally involved more splitting than for Resin A.
5.4.5 Acid Digestion
The results of the fibre length distribution measurements of acid digested samples are shown 
in Table 5.6. The number of fibre breaks and the total length of fibre measured were calculated 
from the fibre length distributions. These values are also shown in Table 5.6a. A summary of the 
linear density of fibre breaks, taking into account the control experiments, is shown in Table 5.6b.
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The average values for each surface treatment and strain combination are plotted in Figure 5.25. 
The number of fibre breaks appears to increase exponentially as the strain level is increased. The 
number of fibre breaks is higher at 1.6% strain for the untreated samples than for the samples 
treated to the 0.5 level.
5.4.6 Impregnated Bundle Sections
The results from fibre break observations of the sectioned impregnated bundles are presented 
in Table 5.7a for the untreated samples and Table 5.7b for the treated samples. The ’fibre line 
count’ is the number of fibres crossed when travelling across the section perpendicular to the fibre 
direction. The fibre line count was multiplied by the section length to determine the complete 
length of fibre studied. For comparative purposes the number of i-plets has been normalised to 
i-plets per metre and is depicted in Table 5.8. At a particular strain level, there are generally 
more singlets for the untreated sample, however there is a tendency for there to be more higher 
order i-plets for the treated samples.
In order to compare the number of fibre breaks counted in the sections with those obtained 
in the acid digestion experiments, the number of individual fibre breaks per metre was calculated. 
The number of breaks per metre obtained for both the acid digestion and the section experiments 
are shown in Table 5.9 and plotted in Figure 5.26. The number of fibre breaks is shown to build 
up exponentially for both surface treatments in the acid digestion and section data. The number 
of breaks per metre at the 1.6% strain level is found to be higher for the untreated samples in 
the sectioned samples and the acid digestion experiments, similar values being obtained from both 
procedures.
Micrographs of the samples from the section experiments are shown in Figures 5.27 and 5.28. 
For all these micrographs it must be born in mind that only a 2-D representation of damage is
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shown. Figure 5.27a,b and c shows characteristics observed with the untreated samples at 0.5,1.0 
and 1.5% strain levels respectively and Figure 5.28 displays the samples surface treated to the 0.5 
surface treatment level. Figure 5.27a shows a rare matrix crack, that appears to have been 
initiated by fibre failure. Figure 5.27bi shows two neighbouring fibre breaks propagating into the 
surrounding matrix and in Figure 5.27bii six neighbouring broken fibres can be seen, with five of 
the same fibres shown to be broken further along their length. In Figure 5.27ci and ii cracks are 
shown to be contained within isolated single fibres. In Figure 5.27ciii a crack can be seen 
confined within one fibre which has a nearby unbroken fibre. Figure 5.27civ shows a crack to 
have propagated within a fibre for approximately five fibre diameters into the surrounding matrix. 
Figure 5.27cv depicts multiple breaks on one fibre and Figure 5.27civ shows cracks in two 
neighbouring fibres. Figure 5.28i and ii show examples of multiple breaks occurring in the same 
fibre. Figures 5.28iii to v display multiple neighbouring fibre breaks.
5.5 Interface Measurements
The results of the microdebond measurements carried out by Marshall (199$ with the DDS 
cured MY720 based resin (Resin A) and Tenax HTA fibre are shown in Figure 5.29. The 
interfacial strength is shown to initially increase rapidly with surface treatment and then level off 
after the 1.0 surface treatment. The ILSS values obtained by Rezaifard (1993) using the short 
beam shear procedure are shown in Figure 5.30 for the same system. The ELSS values obtained 
for Resin A suggest a similar trend in interfacial strength to the microdebond results. The ILSS 
is found to increase rapidly at first and then level out at about the 0.75 surface treatment level, 
although due to the scatter of data, it is difficult to discern for the microdebond and the short 
beam shear strength experiments quite where the interfacial strength reaches its maximum.
65
5.6 Hybrid Tensile Tests
The strains and stresses at which the first failures occurred in the bundles impregnated with 
resin A, encapsulated within the hybrid samples, are shown in Table 5.10. These values are the 
average of 5 hybrid tests for each surface treatment. The general trend is the same as that for 
the bundles impregnated with resin A tested in air, that is there is a small decrease in the failure 
strain as the level of surface treatment increases up until the 2.0 surface treatment where the 
failure strain increases slightly. These first failures were found to consistently occur at failure 
strains of about 1.07 times higher than those for impregnated tows tested in air. For two hybrid 
test-pieces of each surface treatment the values of strain were recorded for each failure occurring 
up to a strain of 2%. Up to 6 failures were found to occur for each test-piece. Weibull plots 
using the data from these test-pieces are shown in Figure 5.31 for each surface treatment. The 
data from all surface treatments is plotted in a single Weibull plot in Figure 5.32. A  good straight 
line fit was obtained signifying good agreement with the Weibull equation. The Weibull modulus 
was found to be 31, which is within the range of the values obtained for the impregnated bundles. 
At failure, a zone of debonding was observed to form between the impregnated tow and the 
surrounding glass/epoxy (see Figure 5.33). The acoustic emission was observed to build up as the 
load was increased for all surface treatments as shown in Figure 5.34, however when compared 
to the acoustic emission trace for the all glass/epoxy control sample (Figure 5.35), it was apparent 
that only the major failures had been perceptible above the background noise from the 
glass/epoxy part of the hybrid.
The mode of failure observed showed similarities with that for the impregnated tows tested in 
air. The longitudinal splitting was found to be greatest at low surface treatment levels giving a 
longitudinally extended major crack. Failure at higher treatment levels was generally characterised 
by the major crack running almost perpendicular to the fibre direction (see Figure 5.36a-f). The 
failures contributing to the main fracture are characterised by the much larger displacement
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between the broken fibre ends, due to relaxation of the whole bundle within the coupon. Other 
fibre breaks, which did not participate in the tow failure, were also visible but with no significant 
separation between their ends. Occasionally the major crack was observed to be made up of more 
than one path as illustrated in Figure 5.36f. Cracks were commonly found in the GRP part of 
the hybrid around a major bundle failure, particularly in regions with low glass fibre volume 
fractions (see Figure 5.37). These would appear to be due to the high shear stresses at the 
GRP/impregnated bundle interface. Shear failures were also observed within the impregnated 
bundle as part of the primary cracks in regions with a low volume fraction of carbon fibre (see 
Figure 5.38). Many failures were found close to the major cracks caused by the release of strain 
energy and consequent shock waves associated with the main bundle failure which was a sudden 
audible event (see Figure 5.39). Away from principal failure multiple neighbouring fibre breaks 
were generally observed to occur where fibres had very little spacing between them (see Figure 
5.40) as had been the case for the impregnated bundles tested in air.
Investigations were carried out to see if the strain level at which a tow failed affected the 
manner in which it failed. Figure 5.41a-d depicts four different cracks in the same hybrid sample 
in order of occurrence. There was no obvious correlation between the strain at failure and the 
appearance of the crack. In the case of the third crack there was a larger displacement than for 
the previous two cracks (see Figure 5.41c), however this was smaller for the fourth crack.
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Surface
treatment
Tensile failure stress (GPa) Weibull
modulus
wLowest value Characteristic 
value ag
Highest
value
0 1.51 3.40 4.15 4.20
0.25 2.07 3.48 4.86 5.74
0.5 1.54 3.29 4.13 3.61
0.75 2.35 3.24 4.84 5.23
1.0 1.71 3.27 4.35 4.94
2.0 1.69 3.27 4.01 5.27
Table 5.1 Weibull modulus and lowest characteristic and highest strengths for single 
fibre samples.
Surface
Treatment
Average
Single
Fibre
Strength
(GPa)
Average
Loose
Bundle
Strength
(GPa)
Coleman 
Factor 
From Exp.
°blo i
Weibull 
Modulus 
(Single 
Fibre Data)
Weibull
Modulus
From
Coleman
(1958)*
0.0 2.92 1.46 0.50 4.2 2.2
0.25 2.96 1.42 0.48 5.7 2.1
0.5 2.81 1.32 0.47 3.6 1.9
0.75 2.78 1.39 0.50 5.2 2.2
1.0 2.79 1.19 0.43 4.9 1.5
2.0 2.80 1.43 0.51 5.3 2.3
j|«
From Coleman
o — -1
—£ = 0 * re x p ( & r 1) r ( l + — ) ]of  W
Table 5.2 Loose bundle data compared to single fibre data. Weibull modulus from 
Coleman equation is much lower than that obtained from single fibre data.
RESIN E (GPa) 
measured
E (GPa) 
literature
V Gm (GPa) 
=E/2(l+v)
1/Gm
MY720/ 
DDS (A)
3.9 3.4* 0.37 1.4 0.71
MY720/ 
NMA (C)
3.6 0.35 1.3 0.77
MY750/ 
DDS (D)
2.8 2.8* 0.39 1.0 1.00
MY750/ 
NMA (B)
3.7 3.2** 0.36 1.4 0.71
* Lee (1986) Obtained using transverse flexure
** Hitchen (1993) Used BDMA as a catalyst rather than K61B
Table 5.3 Elastic moduli for Resins A, B, C and D.
Surface 
Treatment 
(w min/g)
Normalised
Average
Strength
GPa
Range
of
Strength
GPa
Weibull
Modulus
0 3.88 3.32-4.17 23
0.25 3.80 3.34-4.10 24
0.5 3.81 2.99-4.11 34
0.75 3.75 3.37-4.06 28
1.0 3.66 2.75-3.95 26
2.0 3.76 3.21-4.07 - 24
Table 5.4 Data for bundles impregnated with Resin A (MY720/DDS) showing a small 
decrease in strength with increased surface treatment.
Resin Surface Treatment
0 0.25 0.5 0.75 1.0 2.0
MY720:DDS:BF3,MEA 
(Resin A)
F B B B B B
MY750:NMA:k61B 
Resin B
F sF sF sF sF sF
MY750:NMA:k61B 
Resin B/ii
vF vF
MY750:NMA:k61B 
Resin B/iii
sF sF sF sF sF sF
MY750:NMA:k61B 
Resin B/iv
F sF sF sF
MY720:NMA:K61B 
Resin C
F sF sF
MY750:DDS:BF3,MEA 
Resin D
sF sF sF
MY750:NMA:K61B 
Resin E
vF vF
F=Fibrous failure mode 
B=Brittle failure mode 
v=very 
s=slightly
Table 5.5 Failure mode summary for bundles impregnated with different resins with 
different cure schedules. Samples tended to fail in a more brittle mode at higher 
surface treatments.
S.T e% Sample No. of fibres of length:- Total
length
(mm)
No.of
breaks
0-1
mm
1-2
mm
2-3
mm
3-4
mm
4-5
mm
5-6
mm
0 0 AIi/1 9 7 3 6 6 96 598.5 16
0 0 Alii/1 9 10 4 5 4 96 593.0 17
0 1.6 AIi/1 28 18 14 7 14 91 664.0 47
0 1.6 Alii/1 38 48 20 18 17 129 990.0 80
0.5 1.6 AIi/1 23 15 8 11 7 76 542.0 38
0.5 1.6 AIii/1 10 12 19 10 6 66 495.5 28
0 0 BIi/2 9 4 0 2 0 132 743.5 10
0 0 BIii/2 6 3 0 2 1 146 822.0 8
0 1.0 AIi/2 6 11 3 2 0 106 617.0 14
0 1.0 AIii/2 6 8 1 2 1 108 623.0 10
0 1.2 AIi/2 5 4 1 3 5 106 627.0 8
0 1.2 AIii/2 5 3 1 3 6 129 756.0 9
0 1.4 AIi/2. 10 15 3 4 3 116 700.5 21
0 1.4 AIii/2 13 7 6 6 1 124 739.5 20
0 1.6 AIIi/2 27 17 10 8 7 79 558.0 41
0 1.6 AIIii/2 20 13 9 4 9 83 563.0 29
0 1.6 BIi/2* 15 21 15 4 4 43 345.0 37
0 1.6 BIii/2* 15 12 4 5 3 35 259.0 24
0.5 1.0 AIi/2 6 6 1 6 0 99 580.0 9
0.5 1.0 AIii/2 7 8 4 1 1 72 429.5 13
0.5 1.6 AIIi/2 7 17 13 4 3 80 529.0 25
0.5 1.6 AIIii/2 16 12 3 2 6 77 491.0 24
0.5 1.6 BIi/2 16 9 6 7 5 84 545.5 23
0.5 1.6 BIii/2 18 14 15 11 5 93 640.0 35
N.B. S.T. denotes surface treatment.
A/B denotes section that was acid digested.
I/II denotes suspension.
i/ii denotes particular photograph i.e. area selected.
1/2 denotes relevent control sample used.
* = > sample failed during tensile testing.
Table 5.6 Acid digestion summary for untreated and 0.5 treated impregnated bundles, 
a) number of tensile breaks in a 6 mm length of impregnated tow.
Surface treatment Strain Sample Breaks/m
0 1 AI 7.9
0 1.2 AI 0.8
0 1.4 AI 16.9
0 1.6 AI 48.2
0 1.6 All 50.9
0 1.6* BI 88.3
0.5 1.0 AI 11.3
0.5 1.6 AI 35.4
0.5 1.6 All 36.5
0.5 1.6 BI 36.9
N.B. Denotes sample breaking during testing.
A/B Denotes acid digestion sample.
I/II Denotes suspension.
Table 5.6 b) number of breaks per metre of impregnated tow.
e
(%)
Number of I-plets of order:- Fibre
line
count
Section
length
(mm)
Fibre
length
(mm)1 2 3 4 5 6 7
0.5 1 93 7.1 660
0.5 3 98 22.4 2195
0.6 2 87 9.7 844
0.6 104 8.9 926
1.0 2 1 2 101 21.9 2212
1.2 1 100 5.6 560
1.4 9 1 1 89 7.1 632
1.4 5 104 6.1 634
1.4 2 1 1 100 8.6 857
1.5 11 1 102 23.3 2377
1.6 42 99 7.9 782
1.6 31 4 1 98 8.7 853
1.6 28 107 4.4 471
1.6 24 2 1 97 7.9 766
1.6 24 102 9.5 969
1.6 29 1 93 7.9 735
V
Table 5.7 Number of failed fibre configurations observed in longitudsections of 
impregnated bundles containing a) untreated fibre b) fibre treated to the 0.5 surface 
level.
€
(%)
Number of I-plets of order:- line
count
Section
length
(mm)
Fibre
length
(mm)1 2 3 4 5 6 7
0.5 1 104 9.1 946
0.5 104 10.1 1050
0.5 99 24.1 2386
1.0 2 99 24.1 2386
1.2 1 1 1 93 9.7 902
1.2 2 1 1 101 9.9 1000
1.2 1 101 8.1 818
1.2 5 105 7.3 767
1.2 108 6.5 702
1.4 1 4 2 94 8.9 837
1.4 1 1 100 10.2 1020
1.4 1 1 95 7.7 732
1.4 2 1 110 7.5 825
1.4 100 8.0 800
1.5 21 16 2 1 1 99 24.1 2386
1.6 18 13 1 105 8.4 882
1.6 12 7 2 1 103 9.3 958
1.6 6 7 2 1 107 8.4 899
Table 5.7b
€ Number of I-plets/m of order:-
(%)
1 2 3 4 5 6 7
0.5 1.52
0.5 1.37
0.6 2.37
0.6
1.0 0.90 0.45 0.90
1.2 1.79
1.4 14.24 1.58 1.58
1.4 7.89
1.4 2.33 1.17 1.17
1.5 4.63 0.42
1.6 53.71
1.6 36.34 4.69 1.17
1.6 59.45
1.6 31.33 2.61 1.31
1.6 24.77
1.6 39.46 1.36
Table 5.8 Number of failed fibre configurations observed in longitudinal sections of 
impregnated bundles per metre of fibre containing a) untreated fibre b) fibre treated 
to the 0.5 surface treatment level.
e
(%)
Number of I-plets/m of order:-
1 2 3 4 5 6 7
0.5 1.06
0.5
0.5
1.0 0.838
1.2 1.11 1.11 1.11
1.2 2 1 1
1.2 1.22
1.2 6.52
1.2
1.4 1.19 4.78 2.39
1.4 0.98 0.98
1.4 1.37 1.37
1.4 2.42 1.21
1.4
1.5 8.8 6.71 0.84 0.42 0.42
1.6 20.4 14.74 1.13
1.6 12.53 7.31 2.09 1.04
1.6 6.67 7.79 2.22 1.11
Table 5.8b
Surface
Treatment
Strain/% Breaks/m from 
Sections
Breaks/m from 
Acid Digestion
0 0.5 1.44 -
0 0.6 1.18 -
0 1.0 6.30 7.9
0 1.2 1.79 0.8
0 1.4 12.67 16.9
0 1.5 5.50 -
0 1.6 46.50 49.6
0.5 0.5 0.35 -
0.5 1.0 0.83 11.3
0.5 1.2 4.48 -
0.5 1.4 5.94 -
0.5 1.5 28.00 -
0.5 1.6 37.17 36.27
Table 5.9 Breaks per metre obtained for acid digestion and longitudinal sectioning 
investigations showing good agreement between the two techniques.
Surface
Treatment
Average Strain 
at 1st failure
Average Stress at 
1st failure
am hvbrid 
am imp. bundle 
(180mm)
0 1.8 4.25 1.10
0.25 1.68 3.96 1.05
0.5 1.76 4.15 1.10
0.75 1.66 3.92 1.05
1.0 1.60 3.78 1.04
2.0 1.70 4.01 1.07
Table 5.10 Data for hybrids showing relation to impregnated bundles.
-4
0 Surface treatment
2
0.75 Surface treatment
0 «/
m m 2
- **
-4
0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
0.25 Surface treatment
-4
0.4 0.8 1.2 1.6
1.0 Surface treatment
0.4 0.8 1.2
0.5 Surface treatment
0
-2
-4
„«r
0.4 0.8 1.2 1.6
In ^tress/GPa)
2.0 Surface treatment
0.4 0.8 1.2
Figure 5.1 Weibull plots for 62 mm gauge length single fibre samples used to obtain 
characteristic strength and Weibull modulus.
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Figure 5.2 Characteristic strength versus surface treatment for 62 mm gauge length 
single fibre data showing variation with surface treatment to fall well within the scatter 
of data.
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Figure 5.3 Weibull plot of single fibre data for all surface treatments showing best 
straight line obtained by regression. Proximity of data to the straight line demonstrates 
close agreement with Weibull statistics.
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Figure 5.5 Weak link scaling plot for single fibre data obtained by Rezaifard (1992).
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Figure 5.6 Weak link scaling plot for single fibre data obtained by Rezaifard (1992) 
superimposing values obtained for the 62 mm gauge length data at different surface 
treatments. The 62 mm gauge length data is shown to be consistent with the 5 mm, 12 
mm, and 75 mm gauge length data, however, the 30 mm gauge length data is shown to 
be inconsistent.
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Figure 5.7 Comparison of simulated and experimental loose bundle results. Note that 
the initial gradient is a lot shallower for the experimental curve.
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Figure 5.8 Weibull modulus versus dry bundle to single fibre ratio (Coleman 1958).
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Figure 5.9 Transverse section through impregnated tow produced using die w ith a) 
constant inner bore d iam eter and b) tapered inner bore showing im provem ent w ith b).
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Figure 5.10 Strength versus surface treatment for bundles impregnated with Resin A 
(MY720/DDS). The reduction of strength with increasing surface treatment is small 
compared to the data scatter.
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Figure 5.11 Weibull plots for bundles impregnated with Resin A (MY720/DDS) used to 
obtain characteristic strength and Weibull moduli.
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Figure 5.12 Weibull plots showing best straight lines for data in Figure 5.11 
(MY720/DDS) for each surface treatment.
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Figure 5.13 Strength of bundles impregnated with Resin A (MY720/DDS) compared to 
those impregnated with Resin B (MY750/NMA) with increase in surface treatment. 
Note: Resin B results are offset.
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Figure 5.14 Weibull plots for bundles impregnated with Resin B (MY750/NMA) with 
standard cure schedule used to obtain Weibull moduli and characteristic strengths.
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Figure 5.15 Combined Weibull plot for bundles impregnated with Resin B (MY750/NMA) 
with standard cure.
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Figure 5.16 Strength versus surface treatment for bundles impregnated with Resin B 
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There would appear to be no trend of strength with cure schedule.
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Figure 5.17 Strength versus surface treatment for bundles impregnated with Resin A 
(MY720/DDS), Resin B (MY750/NMA), Resin C (MY720/NMA) and Resin D (MY750/DDS) 
showing a) individual data points b) mean values.
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Figure 5.18 Strength versus surface treatment for bundles impregnated with Resin B 
standard cure and Resin E (both MY750/NMA) showing a) individual data points b) mean 
values.
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Figure 5.19 Typical exponential accumulation of acoustic event rate versus strain for 
a bundle impregnated with Resin A (MY720/DDS).
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Figure 5.20 Acoustic event rate versus strain for a mild steel welding rod of similar 
dimensions to the impregnated bundle samples used as a control for the acoustic 
emission investigations.
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Figure 5.21 Accumulated acoustic events versus strain for bundles impregnated with 
Resin A (MY720/DDS). There would appear to be no trend of acoustic event 
accumulation with surface treatment.
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Figure 5.22 Accumulated acoustic events up to failure versus surface treatment for 
bundles impregnated with Resin A (MY720/DDS). This shows the same trend as 
impregnated bundle strength versus surface treatment.
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Figure 5.23 Failure strain versus accumulated acoustic events at failure for the full 
range of surface treatments studied.
Figure 5.24 Tensile tested impregnated bundles showing the effect of surface 
treatment. The upper sample contains fibre of a relatively high surface treatment 
(0.75) and is seen to fail in a brittle manner. The lower sample contains untreated fibre 
and is found to fail in a much more fibrous manner.
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Figure 5.25 Number of fibre breaks per metre versus strain observed for acid digestion  ^
investigation demonstrating an exponential accumulation of fibre breaks with increasing 
strain.
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Figure 5.26 Number of fibre breaks per metre of fibre versus strain for acid digestion 
and longitudinal sectioning investigations showing close agreement between the two 
techniques.
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Figure 5.27 (cont.)
c) 1.5% strain i) and ii) showing isolated single fibre breaks.
Figure 5.27c (cont.)
■ ■ ■ ■
Depicting single fibre breaks in close proximity to unbroken fibres. In (iii) th e  crack  is 
confined to tally  to the fibre whereas in (iv) the crack has propagated into the  m atrix .
Figure 5.27c (cont.)
Depicting . )  multiple fibre bre.it. »  .  " l “
offset slightly down the fibre.
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Figure 5.28 Longitudinal sections through 0.5 surface trea ted  samples te s ted  to 1.5% 
strain  showing a) and b) multiple breaks occurring in the sam e fibre c), d), and e) 
m ultiple neighbouring fibre breaks.
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Figure 5.29 Microdebond measurements for the Tenax HTA carbon fibre/Resin A 
(MY720/DDS) system by Marshall (1993).
CO
0,
c/r cn x
X !4->W)C0)U4->co
u
CO
CDX
C/5
CO<D
X
4JuoX
CO
120 r-
110
100
9 0
BO
7 0
CJ-
/ 13
/ £3- -{I
/
c5
OX 2SX SOX 7SX 100X 200X
Fibre surface treatment level/(%)
Figure 5.30 ILSS values for Tenax HTA/Resin A (MY720/DDS) system by Rezaifard 
(1993).
Weibull plot for Ost Hybrids Weibull plot for 0.75st Hybrids
1.5-i
OS
-0.5-
-  - 1 -
-1S-
0.61 0.62 0.63 0.64 0.65 0.66 0.67
-2S-\
0.54 0.56 0.58 0.6 0.62 0.64 0.66
Weibull plot for 0.25st Hybrids Weibull plot for 1st Hybrids
■
1.5-1
m
■ m
m m
m
m G_ m
m
m
m £  -
m
u
m
m
m
— ----- ,---------,------------------ 1---------1---------1---------*---------1---------1--------- *2.5-
m
----------1--------- 1---------1---------- 1--------- 1--------- 1--------- 1--------- 1---------
OS 0S2 0.54 0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7 0.48 0.5 0.52 0.54 0.56 0.58 0.6 0.62 0.64 0.66
Weibull plot for 0.5st Hybrids
1S
1
os-
0
•0.5
-1
-1.5
-2
-2.50.56 0.58 0.6 0.62 0.64 0.66 0.68
Weibull plot for 2st Hybrids
1.5-
1 -
05-
c- 0 a.
E -°s'c 
£ -1
-1S
-2
-2.50i.59 0.6 0.61 0.62 0.63 0.64 0.65 0.66 0.67 0.68 0.69
In strain
Figure 5.31 Weibull plots for hybrid samples with Resin A (MY720/DDS) as the 
impregnation resin.
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Figure 5.32 Combined Weibull plot for hybrids showing all surface trea tm en ts.
Figure 5.33 Debonding of impregnated tow from glass-reinforced p lastic.
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Figure 5.34 Load and acoustic event rate (0 dB gain) versus strain during the tensile 
test of a hybrid sample. An increase of acoustic event rate with strain is observed with 
spikes occurring as a consequence of major tow failures.
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Figure 5.35 Load and acoustic event rate (0 dB gain) versus strain during the tensile 
test of a glass fibre in epoxy sample carried out as a control experiment for the 
acoustic monitoring of the hybrid samples. When compared to Figure 5.34, it 
demonstrates that it is only the main tow failures that are perceptible above the 
background noise of the glass/epoxy part of the hybrid.
Figure 5.36 Section through hybrid samples showing im pregnated tow  failures for 
d ifferen t surface trea tm en ts. As the surface trea tm en t is increased, th e  crack  runs 
more directly  across the impregnated tow. Surface trea tm en ts  shown a re  a)0, b)0.25,
c)0.5, d)0.75, e)1.0 and f)2.0.
Figure 5.36 (cont.)
c) 0.5 surface trea tm en t
d) 0.75 surface trea tm en t
Figure 5.36 (cont.)
e) 1.0 surface tre a tm e n t
f) 2.0 surface tre a tm e n t
Figure 5.37 Shear failure in a resin rich region of glass fibre reinforced epoxy near to 
the impregnated tow failure.
Figure 5.38 Shear failure in a resin rich region of impregnated tow form ing p a rt of a 
m ajor failure.
Figure 5.39 Section through a hybrid sample containing fibre a t the  0.25 surface  
trea tm ent level showing m ultiple fibre breaks observed close to m ajor tow  failures.
Figure 5.40 Section through an impregnated tow containing fibre tre a te d  to  th e  1.0 
surface trea tm en t level showing a crack comprising of four neighbouring fibre  breaks.
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Figure 5.41 (cont.)
d )
Figure 5.41 Sections through a hybrid sample containing fibre tre a ted  to  th e  1.0 surface  
trea tm en t level showing failures in order of occurrence.
Chapter Six
Discussion
6.1 Single Fibre Data
The characteristic strength of the single fibres was found to be relatively insensitive to surface 
treatment; any differences fell well within the scatter of data obtained for each surface treatment, 
which suggests that the differences of characteristic strength are insignificant. To investigate the 
validity of combining all the test data from fibres of different surface treatments for the 
construction of one master Weibull plot, data from tests on fibres with different surface treatment 
were compared by means of a standard t-test. By means of the t-test, the hypothesis of whether 
data from two different samples could come from the same population (the null hypothesis) can 
be tested (Miller and Freud (1985)). Table 6.1 shows the values of t obtained from the analysis. 
The highest level of significance obtained from the t-test table for which the null hypothesis is 
supported for the comparison of the strength data of surface treatment with untreated fibres is 
also shown (right hand column). A 5% significance level is commonly taken to be sufficient 
support for the null hypothesis. As seen from the table, the significance level obtained was in all 
cases greater than 20%. It can therefore be concluded that the strength of the single fibres is not 
significantly affected by the surface treatment. This validates the use of a single Weibull plot 
using the values from the range of surface treatments. From this plot (Figure 5.3) the Weibull 
modulus was found to be 5.3 and the characteristic strength was found to be 3.33 GPa. The data 
is shown to be in good agreement with the Weibull distribution and gives high confidence of its
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application. The advantage of the combination of the data is in the production of a larger data 
set from which to obtain an estimation of the Weibull distribution. The Weibull modulus 
obtained from the alternative plot of In mean strength versus In length derived from the work of 
Rezaifard (1992) on fibres at different gauge lengths, was found to be 6.99. The estimate of 
Weibull modulus using this alternative plot is generally found to be higher because the extreme 
values have less influence. When the 62 mm gauge length data was added to this plot, it was 
generally found to be in good agreement with the data from the other gauge lengths (Figure 5.6). 
However, the 30 mm gauge length data was found to be inconsistent with that from the other 
gauge lengths. The data point from the 30 mm gauge length tests was disregarded in order to 
obtain a better Weibull fit, for which the Weibull modulus was found to be 7.37, which can be 
taken as an upper limit, whereas 5.3 from the master Weibull plot can be taken to be the lower 
limit.
6.2 Dry Bundle Tests
The motivation for these tests was the possibility of obtaining an estimate of the single fibre 
strength distribution from fewer tests without the sampling errors that exist with the single fibre 
tensile tests. The initial gradient of the experimental curve is lower than the predicted curve 
(Figure 5.7). This is due to non-uniform loading in the loose bundle. The ratio of the dry bundle 
strength to the single fibre strength (Coleman factor (1959) Equation 2.14) were found to vary 
from 0.43 to 0.51 (Table 5.2). Using the single fibre Weibull moduli (Table 5.2) Coleman’s 
analysis would predict a Coleman factor of 0.62 to 0.68, so that the bundle strength is 30% lower 
than the predicted value due to the effect of non-uniform loading. However the trend of 
strengths is similar to the single fibre strength values demonstrating consistency of the technique. 
Due to the non-uniform loading the data is considered to be unreliable for analysis of the Weibull 
Modulus and characteristic strain. For this reason all subsequent analysis uses single fibre data.
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6.3 Distribution of Strength of Composite Bundles
The strength of impregnated bundles with different fibre surface treatments and matrix resins 
normalised to a fibre volume fraction of 1, was compared to the strength of single fibres that had 
been normalised to the same gauge length as the composites (see Table 6.2) using the upper and 
lower limits obtained for w in the weak-link scaling equation (Equation 2.13). This allows a direct 
comparison of the strength of the fibres in the composite to their strength in air. The 
impregnated bundles were found to be consistently stronger than the single fibres by 24 to 67%.
6.3.1 Matrix Resin A
Resin A  was the principal resin studied in this work with considerably more tests carried out 
using it as a matrix than any other resin. The formulation of Resin A  consists of the 
tetrafunctional epoxy (MY720) with DDS and BF3:MEA as a curing system (Table 3.2). The 
mean value of impregnated bundle strength for samples using Resin A  was generally observed to 
decrease with increase in fibre surface treatment (Table 5.4). The data was tested using a t-test 
in a similar manner to that used for the single fibre data, to test the significance of the variations 
of impregnated bundle strength with surface treatment. The result of this is shown in the first 
row in Table 6.3a and b. With the exception of the 0.5 treatment level the surface treatment is 
shown to significantly reduce the strength of the impregnated bundles.
Three Versus Two Parameter Weibull Model
The distribution of single fibre and composite strengths have so far been analysed in this work 
by means of a 2 parameter Weibull distribution. This is a simplification of the 3 parameter 
Weibull distribution where op, the value where the frequency distribution curve departs from the
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x-axis, is set to zero. Due to high variability of the single fibre data, it is difficult to make an 
estimate of this value, and therefore the 2 parameter distribution is considered to be the most 
sensible option. However, there is much less scatter for the impregnated bundle strengths and 
therefore the lowest value of impregnated bundle strength at each fibre surface treatment level 
was considered to be a good first approximation for op. The Weibull plots were replotted for 
results of the tensile tests of bundles impregnated with Resin A, using values of Ln(o-op) rather 
than Ln(o) (Figure 5.11) for the x-axis (see Figure 6.1). A significant improvement to a straight 
line fit was only observed in the case of the samples with fibre treated to the 0.5 surface 
treatment level. To allow for the fact that the lowest value for each surface treatment could have 
been due to testing errors such as grip misalignment, o„ was then taken to be the second lowest 
value of strength observed for composites containing fibre with the same surface treatment level 
(see Figure 6.2); this did not improve the straight line fits significantly. Generally the deviation 
from the straight line fit must be accepted to be due to the composites not fully conforming to 
the Weibull distribution rather than the assumption of a value for oM. The three parameter 
Weibull model, thus, offers no advantage over the two parameter model.
6.3.2 Matrix Resin B
Harvey (1986) reported that composites with different matrix resins responded in different ways 
to the effect of fibre surface treatment. He found that the strength of fibre bundles impregnated 
with NMA/K61B cured DGEBA resin generally increased slightly with fibre surface treatment, 
whereas the strength of those impregnated with NMA/K61B cured TGDDM decreased with 
increased fibre surface treatment whilst the ILSS was found to increase for both types of resin. 
This work has been discussed in Chapter 1. It was decided to investigate the effect of an 
alternative resin system in order to expand our understanding of the effect of the surface 
treatment on composite strength. The strength of the bundles impregnated with Resin B (MY750 
(DGEBA-based)/NMA/K61B (see Table 3.2)) and cured using the standard cure was found to
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decrease with increase in surface treatment, as with that for bundles impregnated with Resin A  
but unlike those impregnated with NMA/K61B cured DGEBA resin in Harvey’s work. However, 
these values were found to be consistently lower than the strengths for samples impregnated with 
Resin A (Figure 5.13) with an average reduction of 7%. T-test analysis was carried out to 
compare the strength data of samples impregnated with Resin B to that for Resin A (Tables 6.3 a 
and b). This indicated that the change of matrix has brought about a significant reduction in the 
strength of the composite.
T-test analysis was also carried out to investigate the effect of change of cure schedule on the 
strength of samples impregnated with Resin B. Strength data' for cure schedules ii to iv compared 
to those obtained for the standard cure schedule are shown in Tables 6.3a and b. For samples 
cured using schedules ii and iii, the t-test suggests insignificant differences to samples cured using 
cure schedule i. For cure schedule iv, a significant difference for the 0.25 surface treatment level 
from the standard cure schedule is indicated, whilst the 0, 0.75 and 1.0 surface treatments 
demonstrate insignificant differences to the standard cure schedules. However, the strength of 
the impregnated bundles containing fibres treated to the 0.25 surface treatment level is lower for 
cure iv than that for samples with the standard cure, but the strength of impregnated bundles 
containing fibres treated to the 0.75 surface treatment level appears to be higher than that for 
the samples with the standard cure (Figure 5.16). Further tests would be necessary to determine 
/whether changing the cure schedule significantly affected the strength of the composite. 
However, any difference is likely to be small.
6.3.3 Matrices C and D
These tests were carried out in order to determine whether the main epoxy group or the curing 
agents were the cause of the change in strength between Resin A and Resin B. Resin C 
contained the same main epoxy group as Resin A (TGDDM), but with the curing system that had 
been used for Resin B, whereas Resin D contained the same main epoxy group as Resin B
(DGEBA), but with the curing system originally used to cure Resin A. The strength of the 
bundles impregnated with Resin C were found to be similar to those obtained for Resin A (Figure 
5.17). The values obtained for Resin C were consistent with work carried out on the same system 
by Pitkethly and Doble (1993). T-test results (Tables 6.3a and b) demonstrate the insignificant 
differences for Resins A and C. On comparing the strength of samples impregnated with Resin 
D to those impregnated with Resin B, the two sets of data appear to be similar, which is 
supported by t-test analysis (Table 6.2) for two out of the three surface treatments studied, 
however the average values are consistently slightly lower in the case of Resin D than Resin B.
6.3.4 Strength With Matrix: Resin E
Pitkethly and Doble (1993) had also carried out investigations using HTA carbon fibre 
impregnated with an MY750/NMA/K61B system with a slightly different formulation and cure 
schedule to that used for the same system in the current work (Resin B). They obtained values 
for strength much higher than for the current work and had found the strength of HTA fibre 
impregnated with the MY750/NMA/K61B system to be higher than that for the 
MY720/NMA/K61B system. This was in agreement with work carried out by Curtis (1991) on 
impregnated bundles containing MY720 and MY750 based resins, but is in total contradiction to 
the current work. Due to this discrepancy, it was decided to repeat the MY750/NMA/K61B 
impregnated bundle tests using the same formulation and cure schedule (Resin E standard cure) 
as used by Pitkethly and Doble. The results for these tests were found to be similar to those 
obtained for Resin B (Figure 5.18) and so the disparity remained. This is discussed further in 
Section 6.6.
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6.3.5 The Strength Of Impregnated Bundles In Hybrid 
Samples
The mean stress at which first tow failure occurred in the hybrid samples showed the same 
general trend as the impregnated bundles tested in air (Table 5.10). The strength decreased with 
surface treatment with the exception of the 2.0 surface treatment level where the average value 
was higher than at the 0.75 level. The stress at first tow failure is at an increase of 7% over that 
of the impregnated tows tested in air, which is consistent with the ’hybrid effect’ reported in the 
literature.
6.4 Failure Mode
6.4.1 Impregnated Bundles
The failure mode of bundles made with untreated fibres was commonly different from that 
observed with treated fibre. Where a difference occurred, the mode changed from a fibrous type 
of failure involving much longitudinal splitting for the untreated fibre, and became less fibrous for 
treated fibres with the crack confined to a shorter length of composite (see Figure 5.24 and Table 
5.4). The stronger interface strength allows the crack to propagate with greater ease from fibre 
to matrix and into the neighbouring fibre. With a weaker interphase it is more likely that the 
crack will be deflected along the interface. This was observed for four out of the eight 
combinations of resin and cure schedule. The greatest change in failure mode with surface 
treatment was observed for Resin A, where failure was observed to change from a fibrous to a 
brittle failure mode as fibres went from untreated to treated. At the same time the strength is 
found to decrease. This would be expected as there are less energy absorbing processes occurring
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when the crack path runs more directly across the sample. For the other resins and cure schedule 
combinations where a change in failure mode was observed to occur with change in surface 
treatment, strength decreased slightly for two cases as the mode became less fibrous and for one 
there was no significant change in strength. Bundles impregnated with Resin B with different 
cure schedules were found to exhibit different failure modes depending on their cure schedule. 
When samples were undercured with respect to the standard cure, the mode of failure became 
more fibrous for the full range of surface treatments studied. When samples impregnated with 
Resin B were overcured with respect to their standard cure, a change in failure mode was only 
observed for the untreated fibre samples, for which the mode became less fibrous.
6.4.2 Hybrids
Hybrid samples : consisted of: single impregnated carbon tows encased in glass fibre
reinforced epoxy resin. When the hybrid samples are tested in tension and the impregnated tow 
fails, the glass reinforced epoxy remains intact, preserving the failure and also limiting post-failure 
damage by absorbing elastic energy that is released during failure. These samples allow a more 
detailed examination of failure mode. Failure of the impregnated tow was found to occur as a 
single event which was detected visibly and audibly. As with impregnated bundles, a change in 
failure mode was observed between the untreated and surface treated samples. Fibre breaks that 
were part of the principal failure could be recognised by a separation of a few fibre diameters 
between fibre ends, whereas fibre breaks not part of the principal crack had a hair-line 
appearance with negligible separation between fibre ends (Figure 5.36). The major crack in the 
untreated samples tended to trace a zig-zagged path across the section and involved more 
debonding than for the treated samples, for which the principal crack tended to be more 
restrained in the longitudinal direction of the sample. There was less difference between samples 
with different levels of surface treatment than between the samples with untreated fibre and those 
with fibre treated at the lower surface treatment, as would be expected due to smaller changes
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in interfacial shear strength, with the major failure tending to travel at a greater angle to the 
longitudinal direction as the surface treatment increased (Figure 5.35).
6.5 The Effect Of Cure Schedule On Strength
Investigations on the effect of cure schedule on bundles impregnated with Resin B 
demonstrated little effect of strength with cure schedule, even though the failure mode was found 
to change. At first it seems surprising that a change in failure mode is not necessarily associated 
with a significant change in strength. However, this could possibly be due to the fact that a 
shorter cure schedule or one at lower temperature would generally mean that the interface would 
be less developed. From the studies of strength with surface treatment, this might be expected 
to increase composite strength, however due to the lower matrix integrity, cracks may be 
propagated more easily through the matrix, which would be expected to make the composite 
weaker, these two effects possibly cancelling each other out with respect to strength but due to 
the lower interfacial strength, failure might still be expected to occur in a more fibrous mode.
6.6 Effect Of Impregnation Resin
The effect of changing the impregnation system from Resin A  to Resin B was greater than the 
effect of surface treatment on the composite strength. The results of experiments on Resin C and 
Resin D, which are the same as Resins A and B except that the curing systems have been 
interchanged, suggest that it is the change of resin that is responsible for the change of strength 
and not the change of curing system. There was no obvious trend between strength of the 
composite and the shear modulus of the resin. The two matrices containing the tetrafunctional 
resins and one containing the difunctional resin were found to have similar shear moduli, with the 
other difunctional resin shown to have a much lower value of shear modulus. Therefore it is
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suspected that the interfacial strength is the main factor affecting the change in strength, in which 
case the interfacial strength would be expected to be higher for the difunctional resin samples. 
However, the interfacial strength was only measured for one resin type and therefore this remains 
as speculation, but the proposition is in agreement with the decrease in strength observed with 
increased surface treatment. Results of short beam shear tests (Figure 5.29) for bundles 
impregnated with resin A containing the tetrafunctional resin, show values of ILSS of 80 MPa for 
untreated samples up to 105 MPa for treated samples, whereas ILSS values obtained at Akzo for 
HTA fibre impregnated with a resin containing the difunctional resin were higher, as expected 
for the difunctional resin studied in the current work, ranging from 90 MPa for untreated samples 
to 130 MPa (Figure 6.3). However, due to a greater difference of strength with impregnation 
resin than with surface treatment, the difference in interfacial strength obtained with the two 
types of resin would be expected to be larger than the change of interfacial strength with surface 
treatment. A  low value of shear modulus would be expected to lower the stress concentrations 
around a fibre break and therefore increase the strength. As the difunctional resin with the lower 
shear modulus, had approximately the same strength as that with the same shear modulus as for 
the tetrafunctional epoxy resins, this might be expected to have a higher value of interfacial 
strength than the other difunctional epoxy resin which could cancel out the effect of the shear 
modulus. For a clearer picture, it would be necessary for measurements of ILSS to be made for 
all the resins.
The strength of HTA fibre impregnated with Resin E obtained by Pitkethly and Doble was 
approximately 17% higher than in the current work, whereas the values of strength they obtained 
for HTA fibre impregnated with a resin similar to Resin C were virtually the same. After 
discussions with Doble and Pitkethly it arose that their samples were prepared in a different way 
using resin diluted with solvents. This could affect the interface significantly and therefore result 
in the change of impregnated bundle strength. If the solvents had prevented bonding at the 
interface, the increase in strength could be explained. This is supported by work carried out by
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Doran (1993) who observed detrimental effects on composite properties due to solvents which 
could not be entirely removed from the resin during processing.
The change of resin and composite processing could be expected to affect the interface due to 
chemical, physical and mechanical effects. Increasing the resin to a more viscous resin may reduce 
the degree of fibre wetting and therefore reduce the amount of bonding that can occur, however 
if the reactivity of the more viscous resin with the fibre surface is higher, the overall interfacial 
strength could still be higher. Increasing the cure temperature could be expected to increase the 
interfacial strength due to the increased number of reactions at the interface, the lower viscosity 
of resin and the increased shrinkage of the resin onto the fibre. However reactions occurring at 
this temperature may produce weaker bonds therefore this could also bring about a weaker 
interphase. Due to the complexity of the effects of resin chemistry and process variables, 
prediction of their effects on the interfacial strength is beyond the scope of existing knowledge 
and therefore must be assessed experimentally.
6.7 Ineffective Length
In order to compare the experimental results obtained in the current work to models discussed 
in Chapter 2 we first need an approximation for the ineffective length. Using the Cox equation 
(Equation 2.25) and substituting values of Vf=0.55, Ef=235 GPa <f>—0-9 and Gm as shown in 
Table 5.3 for the different resins, leads to estimates of ineffective length from 62pm to 73 pm 
(Table 6.4) with the highest values obtained for the lowest values of shear modulus. The value 
for Resin A which was the system used for the studies of fibre failure accumulation is 62pm.
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6.8 Fibre Break Accumulation
Fibre break accumulation was analysed in two different ways in order to investigate the build 
up of fibre breaks during tensile testing. Initially impregnated bundles were tensile tested to pre­
selected strains. The first approach was to section lengths of these samples longitudinally to 
enable observation of damage using a standard light microscope. The second approach involved 
using acid digestion for the removal of resin from a length of the tested composite and calculating 
the number of fibre breaks from a sample distribution of fibre lengths. The number of fibre 
breaks per metre observed in the acid digestion experiments was found to be in excellent 
agreement with those observed in the longitudinal section investigations (Table 5.8 and Figure 
5.26). The number of fibre breaks was found to increase exponentially for the treated and 
untreated samples with very few fibre breaks observed at the 0.5% strain level. At the 1.6% level 
of strain the number of fibre breaks per metre was found to be consistently higher for the 
untreated fibres than for those with the 0.5 treatment. This would imply that the untreated fibres 
within the matrix are weaker than the 0.5 surface treated fibres, although when the fibres were 
tested in air those treated to the 0.5 treatment level were found to have a similar strength 
distribution to the untreated fibres. This is difficult to explain as a real effect, however it must 
be remembered that the sample size is small and the effect would be most likely due to sampling 
errors. However, due to the close agreement with the longitudinal section observations, it would 
appear that acid digestion is a meaningful technique for the study of the accumulation of fibre 
breaks within a composite. Of course, acid digestion could not be used to monitor the 
accumulation of different configurations of fibre breaks, this information being obtained here from 
the sectioned samples.
Although at 1.6% strain the number of fibre breaks was higher for the samples containing 
untreated fibre, the number of i-plets where i> 1 observed in the longitudinally sectioned samples 
was higher for samples containing fibre treated to the 0.5 surface treatment level. Therefore it
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would appear that the bundles containing untreated fibre are more tolerant to single fibre breaks. 
Due to the low interfacial strength between the matrix and the untreated fibre, fibre breaks are 
less likely to be propagated into the neighbouring fibres.
In impregnated bundles sectioned prior to failure the highest order i-plet observed was a 2- 
dimensional 7-plet in a 0.5 surface treated sample and a 5-plet in an untreated sample both 
samples having been extended to 1.6% strain. Due to higher stress concentrations associated with 
higher surface treatments, composites with higher treated fibres might not only acquire a critical 
number of adjacent fibre failures at a lower stress, but also require a smaller number of adjacent 
fibre failures for failure of the composite to occur.
The significance of geometry was highlighted by the observation that multiple neighbouring 
breaks generally only occurred where the fibres were very close to each other. Recent finite 
element analysis has suggested values of stress concentration factor are smaller than those 
suggested by the original workers in which case the number of secondary failures would be 
expected to be low. One possibility is that secondary failures occur as a consequence of dynamic 
effects rather than stress concentration effects. Certainly any future models must consider the 
effect of irregular spacing. There was also evidence of the importance of dynamic effects with 
multiple breaks occurring along individual fibres. Wherever matrix damage was observed it was 
always associated with fibre breaks.
6.9 The Effect of Surface Treatment on Strength
The decrease in strength with increased surface treatment for composites impregnated with the 
range of matrix resins studied can be explained by the increase in interfacial shear strength that 
occurs with increase in surface treatment (Figure 5.28 and 5.29). This localises the stress 
perturbation around a fibre break, increasing the stress concentration. This must more than offset
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the reduced positively affected length in order to increase the probability of adjacent fibre failures 
leading to a lower tensile strength. For untreated fibres, the stress concentration on fibres 
neighbouring fibre breaks will be lower and there is also a greater likelihood of a propagating 
crack being deflected along the fibre-matrix interface rather than across the test-piece.
Although the tensile strength of the bundles was found to decrease with increase in interfacial 
strength in this work, without any interfacial strength the composite at best could only be as 
strong as a dry fibre bundle. Therefore, there must be an optimum interfacial strength that would 
maximise composite strength but which is lower than that obtained with fibres of the lowest 
treatment studied in this work. It could either be between the value of interfacial strength 
obtained for the untreated fibres and the fibres surface treated to the 0.25 level between which 
there was a large increase in interfacial strength, or even be less than that for the untreated fibres, 
in which instance for optimum composite strength, a way of decreasing the fibre/resin interface 
strength would be required.
The reduction of strength with matrix resin B compared to Resin A  previously discussed 
(Section 6.6) as being possibly explained mainly by an increase in interfacial strength with Resin 
B, is consistent with the reduction of strength with increased surface treatment.
6.10 Comparison of Results with Existing Models
6.10.1 The Weibull Model
The number of fibre breaks per metre observed for the acid digestion and section experiments 
were compared to the number of fibre breaks calculated using the Weibull equation (Equation
2.11). This is shown in Figure 6.4. The segment length was taken to be 62 pm as calculated in
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section 6.7 for the ineffective length and the number of failures per metre was calculated by 
multiplying the probability of failure of a single 62 pm segment by the number of segment lengths 
within a metre. Calculated values are shown for the upper and lower limits of Weibull modulus 
(7.37 and 5.3). The Weibull predictions are shown to be a close fit to the experimental data. The 
higher value of Weibull modulus (less variable single fibre strengths) means that initially there are 
less predicted fibre breaks than for the lower Weibull modulus, however as the stress is increased 
this situation is reversed. The Weibull value of 5.3 appears to be a slightly closer fit than 7.37. 
The experimental data was also plotted on a Weibull plot. This has the effect of condensing 
larger values of expected number of breaks per metre more than smaller ones. This time the 
Weibull modulus value of 5.3 would also appear to give a slightly better fit (see Figure 6.5).
The segment length is the only parameter in the Weibull equation that could change with 
surface treatment. However the Weibull equation is relatively insensitive to changes in segment 
length (Figure 6.6). This is in agreement with the experimental work for the two different surface 
treatments which demonstrate little difference in the number of breaks with change of surface 
treatment.
Within a composite, it would be expected that there would be more fibre breaks than predicted 
using the Weibull equation due to the effect of stress concentration increasing the likelihood of 
failure of a fibre next to a broken fibre. The stress concentrations within the composite would 
appear to have had little effect on the number of fibre failures up to high values of strain, which 
would suggest that the values of stress concentration factor are lower than those originally 
suggested by workers such as Hedgepeth and Van Dyke (1967), or the effect of the increase in 
stress concentration with surface treatment is cancelled out by the reduction in ineffective length. 
Recent finite element analysis would appear to support the former, with a value of stress 
concentration for a single fibre failure equal to 1.06 obtained for a 3-dimensional composite 
increasing up to 1.07 where the fibres were almost touching (Nedele (1993)). Due to the close
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agreement of the number of fibre breaks observed experimentally with those predicted by the 
Weibull equation, it would appear that fibres within the composite could have a similar strength 
distribution to the single fibres tested in free air.
Acoustic Emission Analysis
The acoustic data was also compared to the number of expected fibre breaks predicted by the 
Weibull equation, for an impregnated bundle section with length equal to that monitored during 
the acoustic studies based on the data for the 62 mm gauge single fibre experiments (Figure 6.7). 
The number of acoustic events was found to be approximately equal to the number of predicted 
single fibre breaks and is also therefore in good agreement with the number of fibre breaks 
observed in the acid digestion and section studies. This would suggest that the acoustic events 
are probably due to fibre failures, or movement due to fibres breaking and although the one to 
one correlation may be considered fortuitous due to the arbitrary choices of amplification and 
threshold level for the acoustic signal, the fact that there is a proportional correspondence 
supports the proposition that the fibres within the composite could have a similar strength 
distribution to the single fibres tested in free air.
There was no obvious trend of accumulated events at a particular strain level with difference 
in surface treatment. This is in agreement with the Weibull prediction and the acid digestion and 
section experiments. The total number of acoustic events to failure tends to decrease with 
increased surface treatment level, except at the highest treatment level which shows the highest 
accumulation of events. This is the same trend as that observed with failure strain versus surface 
treatment level, suggesting that samples at lower surface treatments can generally tolerate more 
damage. Samples failing at higher strains generally have higher levels of accumulated acoustic 
emission (Figure 5.23). It is possible that in stronger samples more fibres have had to fail to bring 
about the same critical damage feature.
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6.10.2 The Rosen Model
Rosen’s model (1964) was found to overestimate the average failure stress of the impregnated 
bundle samples. Rosen’s model is generally considered to be an upper limit of strength as it does 
not take stress concentrations into account, simply assuming failure to occur by an accumulation 
of fibre breaks. Using a value for the ineffective length of 62 pm and a Weibull modulus of 5.3, 
the mean strength predicted for the 150 mm gauge length tows was 7.2 GPa (Figure 6.8 a and b), 
whereas the values of mean strength obtained experimentally for the tows impregnated with 
different resins were around 4 GPa Weibull modulus was found to have a large effect on the 
value of strength predicted using the Rosen model. Using the upper limit of Weibull modulus 
(7.37), the average strength was calculated to be approximately 5 GPa (Figure 6.9) and therefore 
much closer to the experimental results than that obtained using the lower limit of Weibull 
modulus, however it was still higher than the experimental values. Substituting a higher value of 
ineffective length to represent less than ideal bonding, increases the predicted failure stress 
(Figure 6.10), increasing the disparity between the experimental values and those calculated using 
Rosen’s model. The disagreement of predictions using Rosen’s model with experimental results 
demonstrates the inadequacies of the model. The Rosen prediction would be improved by 
consideration of the effects of stress concentrations, dynamic effects and irregular fibre spacing.
6.10.3 The Zweben and Rosen Model
Figure 6.11 shows plots of Ei, the number of breaks consisting of i neighbouring fibre failures 
or i-plets, for i equal to 1, 2, 3 and 4 versus stress, calculated using Zweben and Rosens’ model 
(1970) for the 150 mm gauge length impregnated bundle using the value for ineffective length 
calculated earlier (Section 6.7) and the lower limit of Weibull modulus (5.3) obtained from the 
single fibre experiments. The plot for E \ is the same as that for the number of fibre failures
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calculated using the Weibull prediction. Values for stress concentration were taken as typical 
values from Pitkethly’s survey (1987) of other workers’ finite element and shear lag calculations. 
Figure 6.12 is the same as Figure 6.11 except that the upper value of Weibull modulus (7.37) has 
been used. The upper limit of Weibull modulus leads to lower values for E , and E^and higher 
values for E  ^and E^over the stress ranges shown. This is for the same reason that the number 
of fibre breaks predicted using the Weibull model was lower at low stresses and larger at higher 
stresses for the higher value of Weibull modulus as explained earlier, which is basically an affect 
due to the distribution of single fibre strengths.
Figure 6.13 shows the effect of changing the ineffective length on the calculations for E i (the 
number of cracks consisting of multiple neighbouring fibre breaks or i-plets where i> l). 
Increasing the ineffective length increases the number of breaks consisting of multiple fibre 
failures. This is because increasing the length over which neighbouring fibres are overloaded, 
increases the probability of a failure occurring in a neighbouring fibre if the stress concentration 
is considered to remain the same.
Figure 6.14 shows the effect of stress concentration on the number of cracks consisting of 
multiple neighbouring fibres. Higher values of stress concentration lead to higher the values of 
predicted breaks.
Depending on the selection of Weibull modulus, ineffective length and stress concentration, 
the prediction of the expected number of breaks consisting of different numbers of adjacent fibre 
breaks, varies considerably.
The experimental results from the section studies were plotted on a graph showing the 
predicted line for Zweben and Rosen’s model (Figure 6.15), using an ineffective length of 62 pm 
and Weibull moduli of 5.3 and 7.37. The experimental data has been treated slightly differently
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from where it was compared to the number of single fibre failures predicted by the Weibull 
equation in that it is the number of configurations of fibre breaks rather than the total number 
of single fibre failures. For example two neighbouring fibre failures are considered to be one 
break for comparison to Rosen and Zweben’s predictions whereas they were considered as two 
failures when compared with Weibull predictions. The experimental results were in good 
agreement with Zweben and Rosen’s predictions. The Weibull modulus of 5.3 could be 
considered to give the best fit.
Comparing experimental values with predictions for the increase of E-z. and E* with stress 
(Figures 6.16, 6.17), setting the ineffective length to 62 pm gave good agreement for kt (the stress 
concentration due to a neighbouring single fibre break) equal to 2.2 and k2 (the stress 
concentration due to two neighbouring fibre breaks) also equal to 2.2 for the surface treated fibre 
samples and ka equal to 1.6 and k2 for the untreated fibre. However this analysis has not 
accounted for the possible change of ineffective length with surface treatment and so is not the 
only solution that would give agreement with the experimental data. For an exact prediction using 
the Zweben and Rosen model, the values for ineffective length and stress concentration must be 
known for the range of fibre breaks configurations.
Zweben and Rosen suggested that the predicted appearance of the first multiple failure was 
a conservative estimate for strength. From Figures 6.11 and 6.13 this could vary from 2.2 to 2.6 
Gpa and when compared to the experimental values for mean strength of approximately 4 Gpa 
are certainly shown to be conservative.
6.10.4 The Batdorf Model
Figure 6.18 shows values for the expected number of breaks consisting of i neighbouring fibre 
breaks (or i-plets using Batdorfs terminology) as predicted using the Batdorf model using
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ineffective lengths for all failure configurations to be 62 pm, a Weibull modulus of 5.3 and values 
for stress concentration taken from Batdorfs work (1982) namely kl, k2, k3, k4, k5, k6, k7, k8, 
k9 equal to 1.145, 1.18, 1.225, 1.27, 1.31, 1.34, 1.37, 1.405 and 1.43 respectively. The ’envelope 
of failure’ would cross the Qi = 1 line (Qi is the probability of the existence of an i-plet of 
consisting of i adjacent fibre failures, and Batdorf considered failure to occur where the ’failure 
envelope’ meets Q i=l) where i is much greater than 10 at a value of stress greater than 5.4 GPa 
(exp(1.68)) which is much higher than the experimental composite strength. If the Weibull 
modulus is changed to the upper limit value, the critical i-plet is still predicted to have an order 
greater than ten, but failure is predicted to occur at a stress of approximately 4.4 GPa. Increasing 
the ineffective length to represent a less than perfectly bonded interface was found to reduce the 
predicted strength further, as did increasing the stress concentrations, which were found to have 
quite a dramatic effect on strength and critical i-plet order.
Figure 6.19 shows a solution of the Batdorf equation that is in agreement with experimental 
observations. This has used the upper limit of Weibull modulus and stress concentration values 
based on average values from Pitkethly’s survey (1987) of other workers’ finite element and shear 
lag calculations, such that kl, k2, k3, k4, k5, k6, k7, k8 and k9 were equal to 1.11,1.22,1.33, 1.44, 
1.55, 1.66, 1.77, 1.88,1.99 and ineffective lengths dl, d2, d3, d4, d5, d6, d7, d8 and d9 were equal 
to 62, 82,102, 122,142, 162, 182, 202 and 222 um and the number of nearest neighbours nl, n2, 
n3, n4, n5, n6, n7, n8, and n9 were equal to 4, 6, 7, 8, 9,10, 11,11 and 12, where ki, di and ni are 
the stress concentration, ineffective lengths and number of nearest neighbours for a crack 
consisting of i neighbouring fibre failures. The value of strength predicted using the above 
estimates for stress concentration, ineffective length and number of nearest neighbours (see 
Figure 6.19) is 3.8 GPa and the order of the critical i-plet is 7 which was the largest i-plet 
observed experimentally.
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It would appear that as with the prediction of fibre configuration accumulation by Zweben and 
Rosen, for an exact prediction of strength and critical i-plet using the Batdorf model, the values 
for ineffective length and stress concentration must be known for the range of configurations of 
fibre breaks.
Considering equation (2.32) for the relation of Weibull modulus of the composite (Table 5.4) 
to that for single fibres, suggests a critical i-plet of 3 to 4.6 for the upper value for single fibre 
Weibull modulus and 4 to 6.4 for the lower value of Weibull modulus, with no trend with increase 
in surface treatment. As failures of up to 7 adjacent fibre failures were seen in the longitudinal 
sections, these would appear to be conservative predictions for the critical i-plet.
6.10.5 Limitations of Models for the Prediction of Strength
In order to make predictions of strength using current failure models, values for stress 
concentration and ineffective length have to be assumed. Although in the current work it has 
been shown to be possible to obtain agreement between the model by Zweben and Rosen (1970) 
and that by Batdorf (1982) using ’reasonable’ values for stress concentration and ineffective 
length, accurate and independent measurement of these values for the range of possible 
configurations of fibre failures are required in order to scientifically validate these models. This 
would also seem essential for further improvements on these models to be made. One 
comparatively new technique that will improve our knowledge of the effect of fibre breaks on the 
stress distribution within a composite is laser Raman spectroscopy (Robinson et al. (1987), 
Galiotis and Batchelder (1988)), which may bring about the required improvement in stress 
concentration and ineffective length predictions for further improvements in existing failure 
models.
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Surface
Treatment
Level
Standard
Deviation
Mean
o
(GPa)
Number 
of Data 
Points
t from t- 
test
Largest 
Significance 
Level(%) 
Supporting 
Null hypothesis
0 0.662 3.116 25 (0) (>20)
0.25 0.609 3.246 24 0.717 >20
0.5 0.832 2.978 24 0.642 >20
0.75 0.623 3.043 19 0.369 >20
1.0 0.619 3.016 23 0.535 >20
2.0 0.567 3.036 22 0.440 >20
Table 6.1 Single fibre strength t-test data comparing surface treated to untreated data 
demonstrating the insignificant effect of surface treatment on single fibre strength.
Surface
Treatment
Average Single Fibre 
Strength (GPa)
Average Composite Strength normalised to 
Vf=l
62 mm
gauge
length
150 mm gauge 
length
calculated using 
limiting value of 
w
! A Bi Bii Biii Biv | C D E
w = 5.3 w = 7.37
0 2.92 2.47 2.59 3.83 3.55 3.55 3.73 3.44 3.82 3.44 3.41
0.25 2.96 2.51 2.62 3.76 3.59 3.47 3.26 3.68 3.30
0.5 2.81 2.37 2.49 3.78 3.46 3.55 3.35
0.75 2.78 2.35 2.47 3.72 3.47 3.48 3.65 3.80 3.40
1.0 2.79 2.36 2.47 3.67 3.36 3.25 3.35 3.31
2.0 2.80 2.37 2.48 3.67 3.39 3.33
* From weak-link scaling
A, B, C, D and E denote impregnation resin 
i, ii, iii and iv denote cure schedule
Table 6.2 Comparison of the strength of fibres weak-link scaled to a gauge length of 
150 mm with the strength of impregnated bundles of gauge length 150 mm normalised 
to a volume fraction of 1.
Largest significance level from t-test for which null 
hypothesis (x=y) is supported (t-value)
Surface
Treatment
(S.T.)
0 0.25 0.5 0.75 1.0 2.0
Resin A c.f. 
Resin A at 0 S.T.
- <5%
(2.26)
>20
(1.26)
<0.2%
(3.53)
<0.2%
(4.14)
<0.2%
(3.16)
Resin B
Standard cure (i) 
c.f. Resin A
>20%
(0.36)
<0.2%
(3.33)
<0.2%
(8.51)
<0.2%
(5.76)
<0.2%
(6.27)
<0.2%
(5.89)
Resin B
Cure schedule ii 
c.f. Resin B 
standard cure (i)
>20%
(0.01)
>20%
(1.20)
Resin B
Cure schedule iii 
c.f. Resin B 
standard cure (i)
>20%
(0.42)
>10%
(1.49)
>10%
(1.48)
>20%
(0.11)
>20%
(1.23)
>20%
(0.79)
Resin B
Cure schedule iv 
c.f. Resin B 
standard cure (i)
>20%
(0.27)
>0.2%
(3.01)
>5%
(2.06)
>20%
(0.09)
Resin C 
c.f. Resin A
>20%
(0.04)
>20%
(0.87)
>20%
(1.04)
Resin D 
c.f. Resin B
>20%
(0.29)
>1%
(2.75)
>20%
(1.05)
Resin E 
c.f. Resin B
>20%
(0.26)
>20%
(0.52)
Acceptance of data equality (null hypothesis x=y) at 5% 
significance limit
Surface
Treatment
(S.T.)
0 0.25 0.5 0.75 1.0 2.0
Resin A c.f. 
Resin A at 0 S.T.
- No Yes No No No
Resin B
Standard cure (i) 
c.f. Resin A
Yes No No No No No
Resin B
Cure schedule ii 
c.f. Resin B 
standard cure (i)
Yes Yes
Resin B
Cure schedule iii 
c.f. Resin B 
standard cure (i)
Yes Yes Yes Yes Yes Yes
Resin B
Cure schedule iv 
c.f. Resin B 
standard cure (i)
Yes No Yes Yes
Resin C 
c.f. Resin A
Yes Yes Yes
Resin D 
c.f. Resin B
Yes No Yes
Resin E 
c.f. Resin B
Yes Yes
Table 6.3 T-test results for impregnated bundles showing a) the largest significance 
level for which the null hypothesis (x=y) is supported b) acceptance or rejection of data 
equality at the 5% significance limit.
RESIN Ineffective Length from Cox 
(1952)/pm
A 62
B 62
C 64
D 73
Table 6.4 Values of ineffective length calculated using shear modulus values from Table 
5.3 for Resin A (MY720/DDS), Resin B (MY750/NMA), Resin C (MY720/NMA) and Resin 
D (MY750/DDS).
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Figure 6.1 Weibull plot for bundles impregnated with Resin B (MY750/NMA) setting a.. 
to the lowest value obtained for bundle strength for each surface treatment.
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Figure 6.2 Weibull plot for bundles impregnated with Resin B (MY750/NMA) setting 
to the second lowest value obtained for bundle strength for each surface treatment.
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Figure 6.3 Interlaminar shear strength (ILSS) values for Akzo HTA fibre with an MY750 
system obtained at Akzo.
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Figure 6.4 Number of predicted fibre failures per metre of fibre versus strain for an 
impregnated tow calculated using the Weibull equation (Equation 2.11) showing the 
experimental results from the acid digestion (acid) and longitudinal section (sec) 
investigations for untreated fibres and fibres treated to the 0.5 surface treatment level.
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Figure 6.5 Weibull plot for the number of predicted fibre failures per metre of fibre 
in an impregnated tow versus strain calculated using the Weibull equation (Equation
2.11) showing the experimental results acid digestion (acid) and longitudinal section (sec) 
investigations for untreated fibres and fibres treated to the 0.5 surface treatment level.
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Figure 6.6 Predicted number of fibre failures per m etre of fibre at 1.6% strain
in an impregnated tow using the Weibull equation 
(Equation 2.13) versus segment length. The plot demonstrates the insensitivity of the 
Weibull equation to segment length.
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Figure 6.7 Accumulated acoustic events versus strain obtained during the tensile test 
of an impregnated tow for different levels of surface treatment, showing the line of the 
predicted number of breaks within the monitored gauge length of impregnated tow  
calculated using the Weibull equation.
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Figure 6.8 Predictions using the Rosen model (1964) for impregnated bundle 
composite/dry bundle strength distributions at a gauge length of 62pm using the single 
fibre distribution of 62pm (also shown) based on the experimental single fibre data 
(w=5.3). Prediction of strength of an impregnated tow with a 150 mm gauge length is 
also shown as well as experimentally obtained values. Figure 6.8b shows the same plot 
as in a) with an expanded x-axis from which the average value of strength predicted for 
the 150 mm gauge length composite is predicted can be seen to be approximately 7.23 
GPa. Predictions are based on bundles containing 12,000 fibres.
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Figure 6.9 Same as in Figure 6.8 showing the effect of changing the value of Weibull 
modulus on the strength predictions. An increase of w is found to decrease the 
predicted average strength of a 150 mm gauge length impregnated bundle.
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Figure 6.10 Same as in Figure 6.8 showing the effect of segment length. Increasing the 
segment length decreases the strength of the impregnated bundle predicted by the 
Rosen model (1964).
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Figure 6.11 Expected number of i-plets predicted by the Zweben and Rosen model 
(1970) for an impregnated bundle with a 150 mm gauge length containing 12,000 fibres 
(6=62pm,w=5.3).
E2
H—o
0
XL0
0
O
oc
T3
0
O
0
CLX
111
4.52.5
Stress/GPa
3.50.5
Stress concentration values
k1=1.11, k2=1.22, k3=1.4
Figure 6.12 Expected number of i-plets predicted by the Zweben and Rosen model 
(1970) for an impregnated bundle with a 150 mm gauge length containing 12,000 fibres 
(6=62pm,w=7.37).
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Figure 6.13 Expected number of i-plets of order two or higher predicted by the Zweben 
and Rosen model (1970) for an impregnated bundle with a 150 mm gauge length 
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Figure 6.14 Expected number of i-plets of order two or higher predicted by the Zweben 
and Rosen model (1970) for an impregnated bundle with a 150 mm gauge length 
containing 12,000 fibres examining the effect of stress concentration factor 
(6=62pm,w=5.3).
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Figure 6.15 Expected number of singlets predicted by the Zweben and Rosen model 
(1970) for an impregnated bundle with a 150 mm gauge length containing 12,000 fibres 
(6=62pm) with experimental values from longitudinal section investigations.
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Figure 6.16 Expected number of diplets predicted by the Zweben and Rosen model 
(1970) for an impregnated bundle with a 150 mm gauge length containing 12,000 fibres 
(6=62pm,w=5.3) with experimental values from longitudinal section investigations.
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(1970) for an impregnated bundle with a 150 mm gauge length containing 12,000 fibres 
(6=62pm,w=5.3) with experimental values from longitudinal section investigations.
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Chapter Seven
Conclusions
Tows of PAN-based carbon fibre treated to different levels of surface treatment have been 
impregnated with epoxy resin and tested in tension in order to study the effect of surface 
treatment on strength and failure mechanisms.
The tensile strength of single fibres was found to be relatively insensitive to surface treatment. 
There appeared to be a slight reduction at the higher treatment levels but t-test analysis 
confirmed that these differences were not statistically significant.
The tensile strength of dry bundles also appeared to be relatively unaffected by surface 
treatment. However, the small differences in the mean strengths of the single fibres with change 
in surface treatment were reflected in the strengths of the dry bundles.
The tensile strength of impregnated bundles was found to decrease with increased fibre surface 
treatment, for all of the impregnation resins studied. This is attributed to the increased interface 
strength, which leads to a more localised concentration of damage. This was supported by the 
observations of the failure mode, which was found to be more brittle at higher surface treatments.
The strength of impregnated tows in hybrid samples was found to have a similar trend to those 
tested in air, which was a general reduction of strength with increased surface treatment. Values
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of failure strain were found to be consistently higher at each surface treatment level than for 
those tested in air by approximately 7%, which is in agreement with the commonly observed 
’hybrid effect’. The failure path in the hybrid impregnated tows encased in glass/epoxy was found 
to extend a shorter distance over the length of the tow as the surface treatment was increased.
The concentration of fibre failures in an impregnated bundle after extension in tension was 
measured by metallographic sectioning and acid digestion techniques. Although the data were 
limited, the numbers of broken fibres show very close agreement with that predicted by the 
Weibull equation. This suggests that the fibres have a similar strength distribution in the 
composite as in air. The acoustic event count has been shown to be proportional to the number 
of fibre breaks.
It has been shown possible to obtain agreement between the Zweben and Rosen model (1970) 
and the Batdorf model (1982) with the experimental values obtained in the present work. This 
entails the estimation of "reasonable" values for stress concentration and ineffective length. 
However, in order to scientifically validate these models, accurate and independent measurement 
of stress concentration and ineffective length for the range of possible configurations of fibre 
failures would have to be known. This would also seem essential for further improvements on 
these models to be made.
The choice of impregnation resin was found to have a larger effect on impregnated tow 
strength than the fibre surface treatment. The strengths of composites containing tetrafunctional 
epoxy resins were found to be consistently higher than those containing difunctional epoxy resins 
despite other changes in the curing system. This suggests that the choice of the resin component 
has the greatest influence on the attainable interface strength.
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There was insufficient evidence to determine whether changing the cure schedule significantly 
affected the strength of the composite. However, there was a notable effect on the failure mode 
of impregnated tows, with undercured samples failing in a very fibrous manner and overcured 
samples failing in a much more brittle manner.
Comparison of results with those of other workers (Doble and Pitkethly (1993)) has highlighted 
the effect of apparently minor variations in processing. Unlike the current work, solvents were 
used by Doble and Pitkethly during the production of composites. The strengths of impregnated 
tows consisting of similar fibre impregnated with a similar formulation of resin, were found to 
have much higher strengths than impregnated tows studied in this work. The resin solution might 
be expected to wet the fibres more effectively than the undiluted resin but residual solvent in the 
resin might lead to a high degree of plasticisation.
The mean strength of the impregnated tows was found to be higher than the average strength 
single fibres at equivalent gauge length by 24 to 67% depending on surface treatment and 
impregnation resin.
Dry bundles were found to be much weaker than the single fibres at similar gauge lengths. 
Although this would generally be expected from classical theory of dry fibre bundles, the 
difference in strength exceeded that which could be explained by this theory. It is considered that 
this discrepancy is due to a degree of twist in the fibre tow as received from the manufacturers, 
which prevents uniform loading of all fibres in the bundle during the test However, as the small 
differences in strength of the single fibres with surface treatment were reflected in the dry bundle 
strengths, it would appear that if the non-uniform loading problem could be solved, the dry fibre 
bundle tests could be used as a more convenient and representative means to obtain the 
distribution of fibre strengths. This technique has the advantage that all the fibres in the bundle
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contribute to the data rather than the small sample (e.g. 100 from a 12,000 filament tow) used 
in single fibre testing.
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Chapter Eight
Future Work
In order to be able to improve existing models for the failure of unidirectionally aligned 
composites, a better understanding of the redistribution of load due to fibre breaks is required. 
Values of stress concentration and ineffective length for the range of possible configurations of 
fibre failures must be obtained, or at least better estimates should be determined. One technique 
that is already being used to provide such information is laser Raman spectroscopy. Improved 
numerical modelling may also improve estimations of ineffective length and stress concentration 
factors. Another possibility is the use of fragmentation tests consisting of variable numbers of 
fibres with controlled fibre spacings.
The dry bundle technique has been shown to be a potential method for obtaining the single 
fibre strength distribution and would certainly merit future investigation. Successful utilisation 
of this technique would enable the distribution of strength to be obtained using all the fibres in 
the bundle, rather than a small selected proportion. The use of tow with less twist and containing 
less fibres than studied in the current work, might help to improve the load uniformity.
From the limited data on the accumulation of fibre breaks within the impregnated tow test- 
pieces, it would appear that the distribution of fibre strengths within the composite is similar to 
the distribution of fibre strengths tested in air. Further investigations would be necessary to add 
weight to this speculation. Investigations involving sectioning of samples prove to be time
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consuming, as do acid digestion experiments. If measurements of fibre lengths could be carried 
out automatically on an image analyser, data could be obtained much more conveniently using the 
acid digestion technique. Acoustic emission could also be used for further studies on fibre break 
accumulation.
The large effect of impregnation resin on the strength of impregnated bundles was unexpected. 
Measurement of the fibre/resin interface strengths for the different combinations should be 
carried out to see if the change in interfacial strengths along with the shear modulus values can 
explain this effect. Future work could also be focused at understanding the effect of changes in 
impregnation resin and cure schedule on the chemical, physical and mechanical aspects of 
interfacial strength.
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Appendix 2 
Fibre Diameter Measurements
In order to calculate the stresses involved during the single fibre tensile tests, the cross-sectional 
area of the fibre must be known. If a circular cross-section is assumed, this problem reduces to 
the need to find the diameter of the fibre.
Two methods used previously for fibre diameter measurement are image shearing, where a pre­
calibrated eye-piece is used in conjunction with an optical microscope, and the interpretation of 
a diffraction pattern from an incident beam of collimated light.
W. Watt et al. (1966) measured their fibre diameters using a Watson image splitting eyepiece 
for which they quoted an accuracy of —0.1 pm. E. Moreton (1968) used the same method for of 
fibre measurement quoting the same accuracy.
E. De Lamotte. and A.J. Perry (1970) originally used laser diffraction for measuring the 
diameters of carbon fibres. They shone a He-Ne laser directly onto the fibre and measured 
distances between minima on a screen put behind the fibre. They assumed that a fibre diffracts 
like a slit (the slit approximation) and used the following Fraunhoffer approximation :-
5 _ 2 Xs  (A. 1)
s ~
where 8S is the separation of first minima, X is the wavelength of the laser light s is the fibre to 
screen distance, and ds is the slit width/(or fibre diameter).
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A similar set-up but this time using a mercury vapour lamp collimated by means of a slit and 
a lens was used by V.V.Davies (1959). A lens was placed after the fibre to focus the pattern on 
the screen, so that effectively the fibre to screen distance is the focal length of this lens. A mirror 
was also used to turn the collimated light through 90° to help avoid stray light reaching the 
camera used to record the diffraction pattern. The following equation was used
mXx (A . 2)
ds
where y is the distance from the central maximum to the mth order minimum (i.e.8s/2 for the first 
minima), ds is again the fibre diameter and x is the focal length of the camera lens. This is 
essentially the same as the first equation and therefore must also be making the assumption of 
a slit approximation.
On comparing their diameters measured by laser diffraction against values obtained optically 
AJ. Perry et al. (1971) found their values to be too large consistently by about 1/3 pm and 
resorted to using optically measured values.
In later work A. J. Perry et al. (1974) compared diffraction patterns of fibres with the 
diffraction patterns produced for slits of the same width, dimensions having been measured using 
optical means. They concluded that the diffraction pattern of a real fibre is sufficiently different 
from that of a slit to warrant caution with the slit approximation. Assuming the case for a 
perfectly reflecting fibre they evaluated the diffraction patterns expected for various wavelength 
to fibre diameter ratios achieving good agreement with experimental results. They produced the 
following approximation for fibre diameters
where df is fibre diameter, s is the distance from the fibre to the screen, 6f is the separation of 
the first minima, 6S is the separation of the first minima for a slit and [(8rSs/6s]c0rrwas found using 
equation 1 and the following equation
4 ^ = 4  »>o+2 £ U  b Bcoa  (nf» ] * (A' 4)
J - n  K  n ~1
where is the scattered intensity, I0is the incident intensity polarised along the axis of the fibre, 
© is the scattering angle, s is the fibre screen distance, X is the wavelength, and the constants bn 
are given by
b n= J n ( a )  / h £ 2) ( a )  <A' 5>
where a = ndJX, and Jn(a) and Hn(2)(a) are Bessel functions and second Hankel functions 
respectively. However a graph was made of the values of 5s-5f/5s which could be used for future 
work. By measuring 8f a can be calculated and then 8s-8f/8s can be read from the graph and so 
5S can be calculated and the fibre thickness can be found from equation 5.1.
I. Krucinska et al. (1991) used laser diffraction for the measurement of carbon fibres. They used 
a He-Ne laser and an automatic diffraction pattern analyser. The equation used in their 
calculations is the following:-
 nX  (A.6)
sin (arctg(aJ2b)
where n is the fringe order, b is the distance between the specimen and the screen, an is the 
separation of the nth order minima and X is the wavelength of the laser light. However the 
reference from which this equation appears to have originated, is a Polish PhD thesis (Stypka, 
T.,Analysis of Measurement inaccuracy of Fine Wire Diameter Using light diffraction Methods.
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PhD Thesis, Technical University of Warsaw,1980). If backed up the equation would be an easy 
one to use and it has also been quoted accuracy of 1%.
Due to the problems associated with the analysis of laser diffraction measurements, image 
shearing was adopted for the current work.
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2. Pickering,K.L. and Bader,M.G., "The effect of the fibre/matrix interphase on the failure 
of continuous carbon fibre/epoxy resin composites. To be published in the Journal of 
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Appendix 4 
Glossary of symbols
gamma function 
ineffective length 
strain
characteristic strain/strain scale parameter 
fibre strain
strain at the maximum load for a dry bundle
poissons ratio
stress
stress at which the Weibull function becomes zero, 
characteristic strength/stress scale parameter 
bundle strength 
composite strength 
fibre stress
tensile strength of the fibres
stress carried by the matrix at fibre failure
tensile strength of the matrix.
interfacial shear stress
fraction of stress recovered in a fibre
cross-sectional area of a fibre
fibre diameter
Young’s modulus of the fibre.
E, expected number of i adjacent fibre breaks (Zweben and Rosen notation)
F(x) cumulative distribution function
Fmax maximum obtainable force on dry bundle
Gm matrix shear modulus
i number of adjacent fibre failures
k stress concentration factor
L length
N number of fibres
PAL positively affected length
Pf probability of fibre failure
Qi expected number of i adjacent fibre breaks (Batdorf notation)
r fibre radius
S0 gradient of function at the origin
V£ fibre volume fraction
Vm matrix volume fraction
w Weibull modulus/shape parameter
